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ABSTRACT 
 
The research described herein, focuses on investigating the role of pyruvate 
phosphate dikinase (PPDK) and factors influencing its activity in maize starchy endosperm 
(SE) tissue. PPDK reversibly converts phosphoenolpyruvate (PEP), pyrophosphate (PPi), 
and AMP, to pyruvate, phosphate (Pi), and ATP. PPDK is found in microorganisms and 
plant tissues with diverse functions. PPDK is abundant in maize SE during grain fill, but 
little is known about its role. Hypotheses were tested using transposon-insertion alleles 
affecting individual genes and by eliminating all PPDK expression using RNAi. PPDK's 
C4 metabolism function in mesophyll was proven to be essential in maize. RNAi 
transgenes completely eliminated PPDK protein and enzyme activity from developing SE. 
An opaque kernel phenotype resulted, indicative of changes in storage compound 
organization. Metabolite analyses indicated PPDK acts in the pyruvate-forming direction 
but is not necessary for synthesis of sufficient ATP to generate normal storage compound 
abundance. PPDK activity affects energy charge, i.e., ATP/(ADP + AMP) ratio, and 
through this is proposed to regulate central metabolic fluxes. 
 PPDK activity in SE decreases during prolonged growth in high temperature, 
coincident with kernel weight decrease compared to normal. Recombinant PPDK was used 
to test whether this effect is inherent to the enzyme. When incubated without substrates, 
PPDK maintained full activity up to 35oC, but was completely inactivated within 5 min at 
45oC. Pre-incubation with AMP prevented PPDK from inactivation at 45oC. The data 
suggest PPDK activity in vivo can be affected by availability of AMP, and confirm that 
PPDK is a particularly temperature-labile enzyme that could contribute to reduced plant 
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performance at elevated temperatures. Recombinant PPDK isoforms were also used in 
protein-protein interaction tests that demonstrated formation of hetermultimeric forms 
including both the PPDK1 and PPDK2 polypeptides in addition to homomultimers of each 
isoform individually. 
 Technical capacities developed to perform these experiments were distributed to 
the research community. These include a new series of vectors designed for SE-specific, 
high-level expression of transgenes through the course of grain fill, which were proven 
highly effective for plant transformation and transgene expression. New targeted 
metabolomics methods were developed to detect PEP, pyruvate, and PPi in total SE 
extracts using GC-MS.
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CHAPTER 1. GENERAL INTRODUCTION 
 
Worldwide Importance of Maize as a Source of Food and Fuel 
Modern maize (Zea mays) originated in Mexico approximately 7,000 - 10,000 years 
ago from the wild grass progenitor teosinte (Ranum, et al., 2014). Modern maize and 
teosinte share little phenotypic similarity by comparison though, as teosinte is highly 
branched and maize has a single stalk. Kernel morphology and yield is also contrasting as 
teosinte yields few kernels compared to maize that yields over 100 kernels per ear. Teosinte 
kernels are formed on a stalk as opposed to a cob, and have a hard seed coat surrounding 
each kernel. These differences are likely the product of artificial selection by Native 
Americans over thousands of years of breeding as they continued to select for desirable 
agronomic traits (FAO, 2002), a trend that continues still. 
Just as time has progressed, so has the importance of maize. It has become the most 
produced cereal crop in the world by weight, with yields reaching 1 billion metric tons 
(MT) per year (USDA-FAS, 2017) (Fig. 1.1, Table 1.1). The vast majority of this 
production comes from the United States (US), producing approximately 350 million MT, 
followed by China, producing approximately 215 million MT yearly (USDA-FAS, 2017) 
(Fig. 1.1). Within the US, maize production accounts for 80% of total cereal weight 
produced per year (USDA-FAS, 2017) (Table S1.2). This high level of production is due 
to the importance of maize as a source of animal feed, raw industrial material for products, 
food products for human consumption, and fuel through bioethanol production (Ranum, et 
al., 2014). The plethora of uses of maize grain illustrates its importance to human nutrition 
and the worldwide agricultural economy. 
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The importance and demand for maize is due to the kernel metabolic storage 
compounds, starch, protein, and lipid, which comprise approximately 72%, 10%, 4% of 
mature kernel dry weight 
respectively (Nuss, et al., 
2010). The abundant starch 
contained in cereals such as 
rice, wheat, and maize, are a 
major component of human 
caloric intake worldwide. 
Maize is also important for 
human nutrition indirectly as a food source of animals produced for human consumption 
(Shewry, et al., 2002). In developed countries such as the US, maize is utilized less as a 
direct human food source than in developing countries. Average maize consumption in the 
US is estimated to be 33 g/capita/day, this is in contrast with countries in eastern Europe, 
Africa, and South America, with consumption up to 400 g/capita/day (FAO, 2013). In these 
developing areas of the world, maize is utilized as a staple food source contributing 
substantially to nutritional requirements for inhabitants of these regions (FAO, 2013). 
Maize is abundant in starch, certain B vitamins, minerals and fiber, providing 365 Kcal/100 
g (Nuss, et al., 2010). While maize contains ample calories from starch, it lacks some 
specific essential nutrients such as calcium, folate, iron, and vitamins B12 and C (Ranum, 
et al., 2014). Maize is also low in protein, particularly protein containing essential amino 
acids tryptophan and lysine (Mertz, et al., 1964). 
 
 
Figure 1.1. World maize production per year (2000-2017). World 
cereal production per year since 2000 in units of 1000 metric tons 
(MT). (USDA-FAS, 2017) 
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Maize has been utilized as a source of nutrition for thousands of years, but more 
recently it has found additional use toward production of renewable energy. Maize is the 
predominant crop utilized in bioethanol production, and as such has become a considerable 
contributor to renewable energy efforts in the US in recent decades. The Bioethanol is 
derived from the starch in maize kernels, that when hydrolyzed and fermented produces 
ethanol. Using maize toward bioethanol production was initiated in the 1980s, and 
increasing environmental concerns and legislation continued the trend with production and 
utilization expanding greatly in the 2000s (Wang, et al., 2007). In 2000 there were 1.6 
billion gallons produced this increased to 14.8 billion gallons per year in 2015 (USEIA, 
2017) (Fig. 1.2). The United States Department of Energy (USDOE) estimates 13.7 billion 
bushels of maize were produced in the United States in 2014, nearly 40% of which was 
used toward bioethanol production (Fig. 1.3). The ethanol produced by this process is 
largely used as an additive to gasoline that is estimated to directly reduce greenhouse gas 
emissions by 48 – 59% (Liska, et al., 2009). 
 
 
Figure 1.2. US bioethanol production per year (1999-2014). Bar graph depicts the expansion of 
bioethanol producing facilities as total facilities operating in the indicated year. The line graph overlay 
shows US bioethanol production in billions of gallons per year. 
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Considering all of its uses, maize has a tremendous impact on human nutrition and 
the economy, not only in the United States but worldwide. This impact is expected to grow 
as demand for renewable energy, nutrition, and sustainable agriculture expand with 
increasing population (FAO, 2011). The world’s population is expected to reach 
approximately 9 billion by 2050, with the largest percentage increases in developing 
countries (FAO, 2011). The same countries with high incidence of existing nutritional 
deficits, underscoring the need for improved nutritional value of maize. The increased 
demand for agricultural products will be accompanied by increased competition for natural 
resources as well, requiring the ability to increase production with less input of resources 
(FAO, 2011). Meeting this demand will require a 70% increase in food production, 80% 
of which is expected to come from improvements in yield as opposed to land expansion 
(FAO, 2009). 
Reaching these goals will require improved agricultural technology and techniques 
as well as a greater understanding of cereal species. Understanding the factors that 
influence maize storage compound metabolism will be critical to these efforts. Improving 
 
 
Figure 1.3. US corn use by year (2006-2014). Graph displays the utilization of maize produced in the US 
for the indicated purpose per year in millions of bushels. (US Department of Energy, 2017) 
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cereal storage compounds requires determining the function of enzymes that participate in 
metabolic processes, as well as the factors that influence their function. Numerous 
metabolic enzymes functions and regulations are well characterized, while others are 
relatively unknown such as pyruvate orthophosphate dikinase (PPDK) in maize 
endosperm. Elucidation of the metabolic role of PPDK, as well as investigating factors that 
may influence its activity in maize endosperm are the foci of the dissertation research 
herein. 
Maize Endosperm Development 
Early endosperm development 
 Maize endosperm formation is initiated by a double fertilization event, with a single 
haploid male gametophyte fusing with two polar nuclei of the maternal gametophyte, 
resulting in a triploid nucleus (Sabelli, et al., 2009). The triploid nucleus undergoes nuclear 
division for six to seven rounds, followed by arrangement by cytoskeletal elements to 
nucleo-cytoplasmic domains (NCDs) at the periphery of the cell (Sabelli, et al., 2009). This 
process occurs without the formation of cell walls or cytokinesis to create what is known 
as the syncytium. The cytoskeleton then directs vesicles around the arranged nuclei 
creating alveoli, cell walls that form around each nucleus that remain open to the inner face 
where they share cytoplasm (Sabelli, et al., 2009). Mitotic cell division begins and 
contributes a daughter nucleus to an internal segment surrounded by alveoli as well. This 
process is repeated until the entire space is cellularized within 3 – 6 days after pollination 
(DAP) (Becraft, et al., 2012, Sabelli, et al., 2009).   
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Mitotic cell division ceases around 8 - 12 DAP and the nuclei begin endoreduplication 
(Larkins, et al., 2001), the process of repeated DNA replication creating endopolyploid 
cells. 
Endosperm tissue types 
The endosperm tissue differentiates into four distinct tissue types, embryo 
surrounding region (ESR), basal endosperm transfer layer (BETL), aleurone, and starchy 
endosperm (SE) tissue. Each cell type is unique in function with differential patterns of 
gene expression.  
Embryo surrounding region 
The ESR is comprised of several cell layers at the junction of the endosperm and 
the embryo. These cells surround the embryo early in development by approximately 4 
DAP (Sabelli, et al., 2009). This tissue is thought to facilitate cellular communication 
between the embryo and endosperm by producing ligands of transmembrane receptors 
(Bonello, et al., 2002). This hypothesis comes from similarities between Arabidopsis 
CLV3 and ZmEsr genes (Bonello, et al., 2002). The ESR is also thought to be metabolically 
active facilitating the transport of nutrients from the endosperm to the embryo during 
development (Sabelli, et al., 2009). Additionally, it is hypothesized to play a role in 
pathogen defense as it expresses genes AE3 and Esr6, whose products possess anti-
microbial attributes (Balandin, et al., 2005). The role of the ESR appears to be short lived 
though, as the embryo grows the ESR diminishes, and by 12 DAP there is little evidence 
of its existence (Sabelli, et al., 2009).   
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Basal endosperm transfer layer 
 Cells at the base of the endosperm near the placenta differentiate early in 
development and form the BETL. These specialized cells facilitate the transport of 
nutrients from the maternal vasculature to the endosperm via the pedicel. These cells 
contain elevated concentrations of mitochondria and possess invaginated cell walls that 
expand surface area, increasing nutrient delivery to the apoplastic space (Thompson, et al., 
2001). BETL cell walls possess a cell wall invertase (CWIN) enzyme encoded by mn1 
(Cheng, et al., 1996). CWIN facilitates sucrose (Suc) cleavage for export of glucose (Glc) 
and fructose (Frc) to the apoplastic space by the transporter SWEET4c (Sosso, et al., 2015) 
for delivery and import to the endosperm tissue. The hydrolysis of Suc may not be a 
requirement though, as an unhydrolized Suc analog has been shown to enter SE cytosol 
(Cobb, et al., 1986). 
Aleurone layer 
 Aleurone cells differentiate at approximately 6 – 10 DAP as a single cell layer 
surrounding the periphery of the endosperm in maize (Sabelli, et al., 2009). Aleurone is 
important for the storage of minerals and expression of genes at the onset of seedling 
germination (Becraft, et al., 2012). This cell layer is unique from the other endosperm 
tissues, as it survives desiccation at maturity. During seedling germination, the embryo 
produces the phytohormone gibberellic acid (GA) that initiates aleurone gene expression 
(Becraft, et al., 2011). This expression program is responsible for production of a-amylase 
and proteases for hydrolysis of storage compounds of the SE tissue (Becraft, et al., 2011), 
providing sugars and amino acids for growth of the germinating seedling.  
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Starchy endosperm 
The majority of maize kernel mass is composed of SE tissue, the primary tissue of 
starch and protein storage. Storage compound biosynthesis begins at approximately 10 
DAP, marked by expression of biosynthetic genes (Li, et al., 2014), expression of which 
peak at approximately 20 DAP and continue until maturity (Mechin, et al., 2007, Walley, 
et al., 2016). Maturation is accompanied by programmed cell death (PCD) originating in 
the central and apical SE at approximately 16 DAP with continued expansion until 
maturity. Regulation of PCD is not well understood but coincides with increased 
production of ethylene, possibly regulated by phytohormones such as abscisic acid (ABA) 
(Young, et al., 2000). This process is thought to aid storage compound remobilization for 
seedling germination. SE metabolism and the role of PPDK in this tissue during grain fill 
is the focus in this dissertation and is covered more extensively herein. 
Starchy Endosperm Central Metabolism 
 Central metabolism of SE tissue is similar to canonical glycolysis, but the 
exceptions may be important contributing factors to anabolic processes. The primary 
differences are associated with starch biosynthesis, ancillary glycolytic enzymes, and gene 
duplications with compartmentalization of the processes. 
A number of metabolic enzymes are duplicated in SE, with glycolytic and TCA 
cycle components present in the amyloplast as well as the cytosol and mitochondria, 
respectively. Enzymes of the cytosol and plastid do not appear to complement, indicating 
compounds may not be in equilibrium (Spielbauer, et al., 2013), thus subcellular 
compartments may contain unique conditions and concentrations of substrates and 
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products (Tiessen, et al., 2012). Additional complexity of SE metabolism is attributed to 
the spatial gradient of heterogeneous cells with respect to development and storage 
compound accumulation (Gayral, et al., 2015, Rolletschek, et al., 2005, Young, et al., 
2000). 
SE metabolism begins in the cytosol with Glc, Fruc, or possibly Suc, imported from 
the apoplastic space. The imported Glc and Fruc may be resynthesized to Suc by sucrose 
synthase (SuSy), or converted to Glc-6-P or Frc-6-P by hexokinase, expending ATP in the 
process. Suc may also be used toward production of hexose phosphates, potentially 
occurring without ATP cost. These hexose-phosphates are able to be interconverted by 
phosphoglucose isomerase and utilized as substrates of metabolic pathways directed 
toward starch production, glycolysis, TCA, and pentose phosphate pathways (PPP). The 
majority of hexose phosphates are utilized toward starch biosynthesis (Alonso, et al., 2011) 
as it is the primary energy sink in SE. This and other cellular processes require the 
generation of energy compounds, proteins, and nucleic acids, all of which are derived from 
the same pool of imported sugars. 
Entry of hexose-phosphates to glycolysis begins with the conversion of Frc-6-P to 
fructose-1,6-bisphosphate (Frc-1,6-BP) by the enzyme phosphofructokinase (PFK), with 
the expenditure of ATP. In SE this reaction may be accomplished by another enzyme, PPi-
dependent phosphofructokinase (PFP) (Guo, et al., 2012, Mertens, 1991), utilizing PPi as 
the phosphate donor instead of ATP. This reduces the energy expenditure by one ATP per 
hexose that enters glycolysis (Chastain, et al., 2011). Fructose-bisphosphate aldolase 
(FBPase) hydrolyzes Frc-1,6-BP to dihydroxyacetone phosphate (DHAP) and 
glyceraldehyde-3-phosphate (G3P). Continuation of glycolysis requires G3P, but DHAP 
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and G3P can be interconverted by triose phosphate isomerase (TPI). TPI from numerous 
organisms is known to be negatively regulated by elevated steady state levels of 
phosphoenolpyruvate (PEP), a downstream glycolytic product. This creates a feedback 
loop resulting in elevated DHAP and PPP intermediates (Gruning, et al., 2014, Gruning, et 
al., 2011). The continuation of glycolysis generates PEP, a glycolytic intermediate used in 
the biosynthesis of aromatic amino acids, oxaloacetate (OAA), or pyruvate. In glycolysis 
PEP is used as a phosphoryl donor in conjunction with ADP to generate ATP and pyruvate 
by pyruvate kinase (PK). SE cytosol also contains PPDK, a reversible enzyme that 
catalyzes a reaction similar to that of PK. PPDK utilizes PEP, AMP, and PPi to produce 
pyruvate, ATP, and Pi (Evans, et al., 1968, Hatch, et al., 1968). These compounds and 
reactions are important to metabolism and storage compound synthesis as PEP and 
pyruvate are precursors of TCA cycle compounds, amino acids, and lipids, and their 
production influences adenosine phosphate energy compounds. Adenosine phosphate 
compound ratios are important to metabolic process not only as energy currency and 
phosphate donors, but as regulators of metabolic enzymes in response to cellular energy 
status (Atkinson, 1968).  
This alternative route of glycolysis is dependent on PPi, a highly abundant 
metabolic byproduct generated by protein and starch biosynthesis reactions (Plaxton, 
1996). Homeostasis of PPi has also been proposed as a metabolic modulator as well, as it 
is a known inhibitor of ADP-glucose pyrophosphorylase (AGPase), the enzyme that 
catalyzes formation of ADP-Glc for starch biosynthesis.   
11 
 
PK and PPDK may also be 
responsible for a significant portion of ATP 
production as maize endosperm is hypoxic 
(Rolletschek, et al., 2005). In oxygen limiting 
conditions the TCA cycle is not functioning 
at the level of aerobic respiration; however, 
energy appears to not be limiting as copious 
amounts of storage compounds are produced. 
The reduced ability to generate ATP could 
potentially be offset by reducing its 
expenditure in glycolysis through PFP and 
similar PPi utilizing reactions. Additionally, 
SE expresses adenylate kinase (AK) that 
catalyzes the formation of ATP and AMP 
from 2 ADPs. This reaction not only 
generates ATP, but provides AMP that may 
be used by PPDK to produce ATP (Chastain, et al., 2011, Mertens, 1991, Mertens, 1993) 
(Fig. 1.4). These hypotheses come from similarities in anaerobic microorganisms that 
utilize these ancillary enzymes to generate ATP in lieu of the TCA cycle.  
Due to the importance and potential influence of these compounds in metabolism, 
and the potential influence PPDK may have on their abundance, PPDK has been implicated 
as a potential regulator of carbon flux between starch and protein, adenylate energy 
compound production, pyruvate synthesis for lipid production, gluconeogenic hexose 
 
 
Figure 1.4. Glycolytic ATP use and generation. 
ATP use and generation is depicted in standard or 
alternative glycolysis on the left or right 
respectively. ATP in red or green indicates its use 
or production per glucose, respectively. Dashed 
lines indicate multiple reactions to generate the 
compound following. Figure adapted from 
(Chastain, et al., 2011, Mertens, 1993)  
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production for starch, and PPi homeostasis regulating metabolic enzymes (Chastain, et al., 
2011, Hennen-Bierwagen, et al., 2009, Huang, et al., 2008, Kang, et al., 2005, Mechin, et 
al., 2007). 
Storage Compound Biosynthesis in Maize Starchy Endosperm 
Starch biosynthesis and structure 
Starch structure 
Starch is a homopolymer of glucose units joined by only two linkage types, yet its 
structure and assembly are complex. Starch is composed of two a-glucan polymers, 
a(1®4)-O-linked glucans (amylose) and amylose with a(1®6)-O-linked glucans 
(amylopectin) (Fig. 1.5A). Amylose and amylopectin pack into left handed double helices 
forming semi-crystalline starch granules composed primarily of the latter, as it accounts 
for approximately 75% of granule mass (Tetlow, 2011). The semi-crystalline properties of 
starch are determined by both the chain length and frequency of a(1®6) linkages (Myers, 
et al., 2000). Starch granules have repeating concentric regions of amorphous and 
crystalline lamellae with a width of approximately 9 nm (Tetlow, 2011) (Fig. 1.5B, C). 
These alternating regions are created by changes in starch structure and packing with more 
highly branched amylopectin in the amorphous regions, and tightly packed helices in the 
crystalline regions (Myers, et al., 2000) (Fig. 1.5B, C). These organizational regions are 
repeated forming blocklets that are repeated (Gallant, et al., 1997) and organized into 
alternating rings, forming crystalline or semicrystalline shells of the starch granule.   
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Starch biosynthetic enzymes 
Starch biosynthesis in maize SE begins in the cytosol with Glc-1-P and ATP being 
converted to adenosine 5’-diphosphate glucose (ADP-Glc) and inorganic pyrophosphate 
(PPi) by ADP-glucose pyrophosporylase (AGPase) (Greenberg, et al., 1964). AGPase is 
 
 
Figure 1.5. Starch structure and organization. A) Amylose and amylopectin structure. Depiction of the 
primary structure of starch components amylose and amylopectin. B) Secondary structure of amylose and 
amylopectin. Depiction of the secondary structure of amylose and amylopectin with overlapping lines 
representing the formation of helices in the crystalline lamella. C) Structural organization of a starch 
granule. Depiction of the organization of a starch granule, showing how panels A and B contribute to 
overall granule organization. Pictured is a starch granule to show the organization of blocklets as shells. 
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also present in amyloplasts, but the majority of active enzyme is extraplastidial in maize 
(Denyer, et al., 1996). ADP-Glc is transported from the cytosol into the amyloplast in  
exchange for ADP by the sugar-nucleotide antiporter BT1 (Kirchberger, et al., 2007). In 
amyloplasts ADP-glucose is acted upon by starch synthases (SS) that catalyze the addition 
of the glucose moiety to the non-reducing end of an existing a(1®4)-O-linked glucan 
primer. This process yields the a(1®4)-O-linked glucan polymer amylose (Fig. 1.6).  
SSI synthesizes the shortest glucan polymers with a degree of polymerization (DP) 
of fewer than 10 glucosyl units. Elongation of short glucan chains (DP < 10) is performed 
by SSIIa resulting in intermediate chains with a DP 12 – 24, which are extended to long 
chains with a DP > 30 by SSIII (Commuri, et al., 2001). The SS enzymes have distinct 
roles but there is compensation as well, as the loss of SSI in rice does not affect kernel size, 
shape, or starch properties (Fujita, et al., 2006). Granule bound SSI (GBSSI) catalyzes the 
formation of extra-long chain amylose thought to occur by elongation of malto-
oligosaccharide (MOS) primers (Denyer, et al., 1996, Denyer, et al., 1999). 
All aforementioned SSs catalyze elongation of existing glucan chains (Fig. 1.6), 
but how starch granules are initiated is still largely unknown. There is evidence that the 
most recently discovered SS, SSIV (Dian, et al., 2005), may be involved in the granule 
initiation process. Absence of SSIV in Arabadopsis results in the formation of a single 
large starch granule in chloroplasts (Roldan, et al., 2007), and the double mutant 
SSIII/SSIV lacks starch granules (Szydlowski, et al., 2009). Support for this role of SSIV 
in endosperm has yet to be demonstrated however. 
Starch branching enzymes (SBE) hydrolyze a(1®4)-glucoside bonds of glucan 
polymers and transfer the free reducing end to the C6 hydroxyl of another glucan polymer. 
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This results in an a(1®6) glucoside bond producing a side branch of glucan on 
amylopectin. Maize endosperm contains three SBE isoforms, SBEI, SBEIIa, and SBEIIb, 
the latter of which is 50 times more abundant in SE (Gao, et al., 1997). SBEI transfers 
longer glucan chains and has a greater affinity for the branching of amylose, whereas SBEII 
isoforms transfer shorter glucan chains to amylopectin (Guan, et al., 1993) (Fig. 1.6).  
Isoamylases or debranching enzymes (DBEs) play a critical role in starch structure 
as well. DBEs hydrolyze a(1®6) glucoside bonds of amylopectin effectively restructuring 
starch branching (Fig. 1.6), working in 
concert with SSs and SBEs for optimal 
starch packing. DBEs form hetero-
oligomeric structures composed of 
isoamylase-1 and isoamylase-2. 
Isoamylase-2 is non-catalytic, but absence 
of either isoform results in formation of 
phytoglycogen instead of starch in 
Arabidopsis (James, et al., 1995). Loss of 
function of either isoform in maize does not 
alter starch structure appreciably, but 
results in reduced granule size (Kubo, et al., 
2010), indicating the heterodimer is 
important for starch granule initiation or 
growth.  
 
 
Figure 1.6. Starch biosynthesis reactions. 
Illustration of the reactions catalyzed by starch 
biosynthetic enzymes. “SS” indicates starch 
synthase enzymes. “BE” indicates starch 
branching enzymes. “DBE” indicates starch 
debranching enzymes. Glucose units highlighted 
in red indicate the units being acted upon by the 
indicated enzyme class. Image adapted from 
Myers et al, 2000. 
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Starch biosynthetic complexes 
Starch biosynthetic enzymes in maize SE form large hetero-oligomeric complexes 
containing SSIIa, SSIII, SBEIIa, SBEIIb, AGPase, and an enzyme not that does not utilize 
glucan substrates, PPDK (Hennen-Bierwagen, et al., 2009). The role of starch biosynthetic 
complex formation has yet to be determined, but is thought to improve the efficiency of 
starch synthesis as products of one enzyme become substrates of another complexed 
enzyme (Tetlow, 2011). Enzymes of this complex such as SSs and AGPase, are known to 
be temperature labile and are thought to contribute to reduced kernel size and storage 
compound yield in elevated temperature growth conditions (Singletary, et al., 1994, 
Wilhelm, et al., 1999). 
Protein synthesis and structure 
 Protein is the second most abundant storage compound in SE, and while it is far 
less abundant than starch, it provides nutritional and physical attributes to endosperm. The 
primary storage proteins of SE are hydrophobic alcohol soluble prolamins known as zeins, 
accounting for more than 70% of mature endosperm protein (Holding, 2014). 
Zein proteins 
Zeins accumulate from the middle to late phase of metabolic compound synthesis 
and are abundant in proline and glutamine, but lack essential amino acids lysine and 
tryptophan (Mertz, et al., 1964). Zeins are synthesized by polyribosomes associated with 
the rough endoplasmic reticulum (RER) and are retained within the ER where they form 
membrane bound protein bodies by protein-protein interactions (Lending, et al., 1989). 
Protein bodies are composed of four zein types that differ in amino acid sequence, 
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solubility, and structural properties, and are grouped accordingly into a-, b-, g-, and d-zeins 
(Holding, 2014). These accretions are initially comprised of b- and g-zeins that form the 
periphery of the protein body, and are later permeated by a- and d-zeins filling in the core 
as it matures (Lending, et al., 1989). Proper protein body formation is dependent on the 
stoichiometry of zeins, as perturbations in this ratio result in a chalky opaque kernel 
phenotype instead of the normal hard 
vitreous phenotype of endosperm 
(Guo, et al., 2013). Elimination or 
reduction of specific zeins results in 
formation of protein bodies with 
altered size or morphology (Fig. 1.7), 
resulting in altered storage compound 
organization. Altered zein 
accumulation is best characterized in 
opaque2 (o2) mutants (Mertz, et al., 
1964). o2 specifies a basic leucine 
zipper (bZIP) transcription factor that 
regulates expression of numerous 
genes, including the 14- and 22-kD a-
zeins, the most abundant endosperm 
storage proteins (Schmidt, et al., 
1990). o2 is also a regulator of pdk1 
and pdk2 (Maddaloni, et al., 1996) 
 
 
Figure 1.7. Protein body analysis by TEM. Zein RNAi 
transgenic endosperm lacking the indicated zein(s) were 
analyzed by TEM at 18 DAP in the fourth sub-aleurone 
starchy endosperm layer. Scale bar in A is 1 µm and 
refers to all images. Figure copyright of American 
Society of Plant Biologists, adapted from Holding, 2014. 
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which encode for PPDK1 and PPDK2 respectively. o2 mutants are most recognized for 
their altered proteome, consisting of diminished zein content with concurrent increase in 
non-zein proteins containing lysine and tryptophan (Mertz, et al., 1964) (Fig. 1.8). These 
improved nutritive qualities are accompanied by detrimental changes in the physical 
properties of endosperm, as the normal hard vitreous SE becomes opaque, soft, and chalky 
(Fig. 1.8). This phenotype imparts poor agronomic characteristics such as reduced yield 
and increased susceptibility to pests and disease (Gibbon, et al., 2005).  
The opaque phenotype with concomitant proteome rebalancing is also found in 
floury2 (fl2) and opaque7 (o7) mutants (Miclaus, et al., 2011). The fl2 gene encodes the 
abundant 22-kD a-zein, expression of 
which is under the control of o2. The o7 
gene encodes an acyl-CoA synthetase-
like protein that is proposed to post-
translationally modify zeins and 
contribute to the normal vitreous 
character of endosperm (Miclaus, et al., 
2011). An opaque endosperm phenotype 
is also observed in opaque5 (o5) and 
floury1 (fl1) mutants encoding for 
monogalactosyldiacylglycerol synthase 
(MGD1), and an ER membrane 
associated protein, respectively (Myers, 
et al., 2011) (Holding, et al., 2007). Loss 
 
 
Figure 1.8. Endosperm character and zein protein 
content. Mature endosperm character. The above 
image shows mature sectioned kernels and storage 
compound organization of the indicated genotype. 
Zein protein content. The image to the left shows the 
SDS-PAGE analysis of zein proteins in mature 
kernels displayed above. Indicated in each panel are 
wild type (WT), opaque2 mutant (o2), and quality 
protein maize (QPM) kernels. Numbers and greek 
letters indicate the zein protein being identified. 
Kernel images adapted from Holding et. al, 2014. 
SDS-PAGE adapted from Yuan et. al, 2014. 
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of function of either result in opaque character with unaltered zein content (Holding, et al., 
2007, Hunter, et al., 2002). Demonstrating that loss of vitreous character can result from 
factors other than zein protein metabolism.  
The negative attributes of o2- kernels are able to be eliminated while maintaining 
improved nutritional value through introgression of o2 modifiers (mo2), of which there are 
many. These hard endosperm o2 mutants are referred to as Quality Protein Maize (QPM) 
(Crow, et al., 2002) (Fig. 1.8). Despite its potential, QPM has not been used extensively 
due to difficulties introducing mo2 loci while maintaining o2-, as well as instability of mo2 
(Gibbon, et al., 2005). How mo2 loci are able to ameliorate the negative o2- phenotype 
remains unknown, but may occur through reduced expenditure of adenylate energy 
compounds, as QPM has elevated expression of PFP with concurrent reduction of ATP 
utilizing heat shock proteins (Guo, et al., 2012). This is thought to compensate for the loss 
of PPDK generated ATP by increasing utilization of PPi (Guo, et al., 2012).  
This data suggests that investigating genes influenced by o2, may prove to be more 
effective in achieving endosperm with vitreous character and enhanced nutritive value, 
rather than attempting to modify pleiotropic effects of o2-. 
Pyruvate Orthophosphate Dikinase Structure and Function 
A common denominator mentioned in central metabolism, starch and protein 
biosynthesis, and adenosine nucleotide homeostasis in maize SE is the enzyme pyruvate 
orthophosphate dikinase (PPDK). As previously mentioned, PPDK has been implicated as 
a metabolic modulator due to its potential influence on 1) amino acids and/or lipid 
biosynthesis through production of PEP and pyruvate in glycolysis, 2) adenosine 
nucleotide compounds in hypoxic conditions, 3) starch and protein balance through 
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association with biosynthetic enzymes and potential regulation of AGPase through 
production of PPi. These hypothesized roles have remained largely uninvestigated though. 
The objectives of the studies described in this dissertation focused on elucidating the 
function of PPDK and its potential regulatory factors in maize SE. Establishing the function 
and metabolic impact of PPDK may provide additional information that can be utilized to 
influence storage compounds, leading to improved yield and nutritive properties. 
Structure and catalytic properties of pyruvate orthohosphate dikinase 
The enzyme pyruvate orthophosphate dikinase (PPDK, EC 2.7.9.1) is present in 
archaea and bacteria, as well as protozoa, fungi, and green plants (Chastain, 2011). In all 
organisms, it reversibly catalyzes the formation of pyruvate, ATP, and orthophosphate (Pi) 
from phosphoenolpyruvate (PEP), AMP, and pyrophosphate (PPi) (Alhasawi, et al., 2016, 
Clement, et al., 2016, Gonzalez-Marcano, et al., 2016, Hatch, et al., 1968, Reeves, 1968) 
(Fig. 1.9). The catalytic rate of this reversible reaction is heavily influenced by pH, as 
pyruvate formation is favored between pH 6.5 - 7, whereas PEP formation is favored at pH 
8 -8.3 (Chastain, et al., 2000, Jenkins, et al., 1985). Deviations from these optimal pH 
ranges dramatically decreases product formation in substrate saturating conditions 
(Chastain, et al., 2000). 
The PPDK reaction begins with the binding of ATP and the subsequent transfer of 
the b- and g-phosphates of ATP to the catalytic His458 residue, releasing AMP. The g-
phosphate is transferred to an inorganic phosphate (Pi) generating pyrophosphate (PPi), 
and the b-phosphate is then transferred to pyruvate to form PEP (Carroll, et al., 1990) (Fig. 
1.9).  
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The structure of PPDK is highly conserved and contains three domains, the 
nucleotide binding domain, the central catalytic domain, and the PEP/pyruvate binding 
domain (Herzberg, et al., 1996, Nakanishi, et al., 2005) (Fig. 1.10). The N-terminal 
nucleotide binding domain adopts a fold known as an ATP grasp, a characteristic feature 
of many ATP utilizing enzymes. The C-terminal PEP and pyruvate binding domain adopts 
a TIM barrel motif, characterized for binding triose phosphate compounds. These substrate 
binding domains are separated by approximately 45 Å where the central catalytic domain 
resides (Nakanishi, et al., 2005). The central catalytic domain contains a conserved 
catalytic phosphate acceptor/donor residue responsible for phosphoryl group transfer 
between domains, His458. Movement and positioning of the catalytic His between the 
distant substrate binding domains is proposed to occur by a swiveling motion, rotating the 
central domain and catalytic residue between substrate binding domains (Herzberg, et al., 
1996).  
PPDK function in microorganisms 
In microorganisms PPDK is utilized as a glycolytic enzyme generating ATP in 
absence of mitochondria, or in hypoxic conditions limiting ATP production via oxidative 
phosphorylation (Feng, et al., 2008). This glycolytic ATP production in microorganisms is 
assisted by additional enzymes such as pyrophosphate-dependent phosphofructokinase 
 
 
Figure 1.9. PPDK reaction. Depiction of the reversible PPDK reaction catalyzing the formation of ATP, 
pyruvate and orthophosphate, from AMP, PEP and pyrophosphate. Colored phosphate groups represent 
transferred phosphates in the reaction. 
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(PFP) and adenylate kinase (AK) (Mertens, 1991, Mertens, 1993). These enzymes working 
in concert with PPDK produce a net five ATP per glucose over standard glycolysis, 
producing only two net ATP per glucose (Mertens, 1991, Mertens, 1993). This is achieved 
by eliminating the expenditure of ATP in traditional glycolysis by phosphofructokinase 
(PFK), instead using PFP that utilizes the metabolic byproduct PPi to generate fructose-
1,6-bisphosphate. Additionally, AK is able to catalyze the formation of ATP and AMP 
from two ADP, generating ATP as well as AMP substrate for the PPDK production of ATP 
(Chastain, et al., 2011, Mertens, 1991, Mertens, 1993) (Fig. 1.4, 1.9).  
 
 
  
 
 
 
Figure 1.10. Maize PPDK structure. Cartoon 
representation of maize PPDK structure with 
domains divided by color. The N terminal ATP 
grasp nucleotide binding domain is colored 
dark blue. The pink colored structure is the 
linker region between the N terminal domain 
and central catalytic domain represented as 
light blue. The yellow structure represents the 
linker region between the central catalytic 
domain and the C terminal TIM domain that 
binds PEP and pyruvate, colored in green. PEP 
is shown as orange spheres, and the catalytic 
His458 is shown as red in the light blue central 
catalytic domain. Image created in Pymol from 
Nakanishi et al, 2005. 
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PPDK function in C3 plants 
PPDK is also present in various tissues of C3 plants. In C3 photosynthetic tissue 
PPDK functions in nitrogen redistribution from amino acid breakdown, converting 
pyruvate to PEP to generate glutamine for transport to seed from senescent leaves (Taylor, 
et al., 2010). Similarly, PPDK may supply PEP to the shikimate pathway in tissue 
surrounding veins (Janacek, et al., 2009). In non-photosynthetic tissues such as endosperm, 
PPDK participates in an alternative route of gluconeogenesis during Arabidopsis seed 
germination (Eastmond, et al., 2015). Expression of PPDK is transiently elevated in 
hypoxic and stress conditions in the roots of rice as well. The function of this is unknown, 
but may be related to ATP production in a low oxygen environment (Moons, et al., 1998), 
such as that seen in microorganisms.  
PPDK function in C4 plants 
The most recognized and well characterized role of PPDK is in plant C4 
photosynthesis, where it regenerates the primary carboxylate acceptor PEP, in mesophyll 
cell chloroplasts (Hatch, 1987). Along with ribulose-1,5-bisphosphate carboxylase 
(RuBisCo), PPDK is thought to be a rate-limiting enzyme in carbon assimilation (Furbank, 
et al., 1997). This process begins with the carboxylation of PEP in the mesophyll cytosol 
by phosphoenolpyruvate carboxylase (PEPC), forming oxaloacetate (OAA). OAA is 
imported to the mesophyll chloroplast stroma where it is reduced to malate by malate 
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dehydrogenase (MDH), and 
subsequently transported to the bundle 
sheath cell chloroplast (Sage, et al., 
2012). Malate is decarboxylated by 
RuBisCo, generating pyruvate that is 
transported to the mesophyll 
chloroplast for regeneration of PEP by 
PPDK (Hatch, et al., 1968) (Fig. 1.11).  
In C4 leaf mesophyll 
chloroplasts PPDK activity is regulated in a light-dependent manner by the bifunctional 
PPDK regulatory protein (RP). RP is both a positive and negative regulator of PPDK by 
phosphorylation. In absence of light, RP acts as a kinase and phosphorylates Thr456 of 
PPDK, negatively regulating production of PEP (Ashton, et al., 1984, Burnell, et al., 1985). 
This process is reversed in the presence of light, as RP acts as a phosphotransferase 
removing the phosphate group from Thr456 and positively regulating PPDK activity 
(Ashton, et al., 1984, Burnell, et al., 1985, Chastain, et al., 2000).  
PPDK genes in maize 
The maize genome contains two genes, pdk1 (GRMZM2G306345) and pdk2 
(GRMZM2G097457), that encode PPDK1 and PPDK2 respectively. The pdk1 gene 
generates two transcripts due to alternative transcription start sites, one gene product 
contains a predicted plastid localization peptide, while the alternate product is thought to 
be cytosolic (Sheen, 1991). The pdk2 gene sequence lacks a predicted transit peptide, so 
PPDK2 is thought to be cytosolic. PPDK1 and PPDK2 are highly homologous and share 
 
 
Figure 1.11. C4 photosynthesis of maize leaf. Green or 
blue areas indicate chloroplasts or cytosol of the 
indicated cell type. Enzymatic reactions are numbered 
indicating 1) PEP carboxylase, 2) NADP-malate 
dehydrogenase, 3) NADP-malic enzyme, 4) pyruvate 
orthophosphate dikinase. Image adapted from (Sawers, 
et al., 2007). 
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94% identity at the amino acid level, assembling into homotetramers in the active state 
(Sugiyama, 1973). Expected from its cardinal role in C4 photosynthesis, PPDK is abundant 
in leaf tissue, but each gene has tissue specific expression. pdk1 mRNA is abundant in 
maize leaf mesophyll chloroplasts, whereas pdk2 is expressed in bundle sheath chloroplasts 
at significantly lower levels (Friso, et al., 2010).  
Expression of PPDK is not limited to photosynthetic tissue, in SE it is more 
abundant than AGPase, the most abundant starch biosynthetic enzyme (Mechin, et al., 
2007, Walley, et al., 2013) (Fig. 1.12). Transcripts of both pdk1 and pdk2 are equally highly 
abundant during grain fill (Davidson, et al., 2011), with proteomic data showing 
approximately 90% of total PPDK being attributed to pdk2 expression (Walley, et al., 
2013) (Fig. 1.12). As previously mentioned, PPDK1 and PPDK2 have been observed in 
complex with starch biosynthetic enzymes of SE (Hennen-Bierwagen, et al., 2009), 
indicating both enzymes are present in 
cytosol and amyloplasts regardless of the 
presence or absence of a transit peptide. In 
maize endosperm, the role of PPDK is 
unknown, but it has been implicated as a 
possible contributor to storage compound 
metabolism, adenosine nucleotide energy 
pools, and PPi homeostasis (Chastain, et 
al., 2011, Hennen-Bierwagen, et al., 2009, 
Mechin, et al., 2007, Mertens, 1993).  
 
 
Figure 1.12. Endosperm PPDK abundance. 
Proteomic evaluation of endosperm proteins 
showing the normalized abundance of PPDK to 
AGPase and SuSy at the indicated DAP. Data 
corresponding to PPDK1 and PPDK2 are from the 
indicated GRMZM numbers in the text. AGPase 
level is based on BT2 GRMZM2G068506, and 
SuSy is the addition of SuSy1 and SuSy2, 
GRMZM2G152908 and GRMZM2G318780, 
respectively. Figure created with data from Walley 
et al., 2013. 
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Recent work involving PPDK has investigated temperature effects in the interest of 
developing C4 plants capable of growing in colder climates (Ohta, et al., 2004). In vivo 
analysis shows expression of PPDK is decreased in maize leaves subjected to low 
temperature growth conditions (Wang, et al., 2008), while activity is reported to be 
unaffected in leaf tissue up to 45oC (Crafts-Brandner, et al., 2002). In vitro analysis of 
PPDK has shown activity is reversibly arrested below 12oC, reduced at 40oC, and 
irreversibly inactivated above 50oC (Shirahashi, et al., 1978). The temperature related 
activity data for PPDK is conflicting, but starch biosynthetic enzymes such as AGPase and 
SSs are known to be temperature-labile and are thought to play a role in reduced grain yield 
in elevated temperature growth conditions (Singletary, et al., 1994, Wilhelm, et al., 1999). 
Association of PPDK with starch biosynthetic complexes implicates PPDK as a potential 
candidate to explain the reduced yield of maize in high temperature environments as well. 
This phenomenon was recently investigated by collaborators of our research group at the 
University of Florida using a controlled environment growth study. This study identified 
PPDK in addition to AGPase, as enzymes with significantly decreased activities in total 
endosperm extracts following growth in elevated temperature conditions (Boehlein, 
personal communication). It is currently unknown if the reduced activity observed for these 
enzymes is due to modifications in expression or enzyme stability, but changes in these 
factors have the potential to influence the starch biosynthetic complex and impact storage 
compound biosynthesis. 
Examination of the function, regulation, and stability of potential metabolic 
modulators such as PPDK in maize endosperm, may provide insight to obtain improved 
nutritional value and storage compound accumulation. Storage compound yield, quality, 
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and nutritional value will be increasingly important factors to meet the demand for 
renewable energy, nutrition, and sustainable agriculture as the world becomes increasingly 
populated.  
Experimental Approach 
 To examine the aforementioned hypothesized roles of PPDK in maize endosperm, 
classical genetic approaches were combined with biochemical techniques designed to 
eliminate PPDK1 or PPDK2 individually and simultaneously, and to examine the influence 
of reduced or eliminated PPDK in vivo. Individually, pdk1 and pdk2 genes were 
systemically inactivated by insertion of a transposable element in an exon of each gene. 
Simultaneous endosperm specific elimination of PPDK was achieved by generating stable 
transgenic maize containing an RNAi construct targeting both gene products. Mutant pdk 
alleles were maintained as heterozygotes and the transgenic lines as hemizygotes. Crossing 
pdk1 or pdk2 heterozygous siblings generated segregating populations on the same ear. 
Hemizygous transgenics were crossed to normal wild type plants, generating a segregating 
population on individual ears as well. Kernels were collected at 20 DAP and maturity to 
investigate changes associated with altered PPDK levels at the peak of grain fill and 
maturity. The genetic segregant endosperms were used for comprehensive examination of 
alterations in steady state metabolites, and storage compound abundance and structure 
relative to the sibling normal endosperm.  
Single mature kernels were examined by near infrared reflectance spectroscopy 
(NIR) to predict changes in starch, protein, oil, and density at maturity. Soluble endosperm 
extracts were probed by immunoblot using PPDK specific antibodies, and enzyme assay 
to verify PPDK expression changes. Total starch content, as well as amylose and 
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amylopectin ratios were established enzymatically. Endosperm protein content was 
evaluated by HPLC, SDS-PAGE, and elemental analysis of nitrogen content. Steady state 
metabolite levels were studied by non-targeted and targeted methods using reverse phase 
liquid chromatography-MS (RPLC-MS), gas chromatography-MS (GC-MS), and anion 
exchange liquid chromatography-MS/MS (AELC-MS/MS). Organization of endosperm 
storage compounds were evaluated at the structural and ultrastructural level as well using 
light microscopy (LM), transmission electron spectroscopy (TEM), and nuclear magnetic 
resonance (NMR). 
PPDK activity was also examined in vitro to assess heat as a potential regulatory 
factor of its activity as a contributor to reduced yield in high temperature growth conditions. 
Purified recombinant affinity tagged PPDK1 and PPDK2 were pre-incubated in varied 
temperature and substrate conditions with varied times of heat exposure, and assayed for 
activity following. Recombinant enzymes were utilized for differential scanning 
calorimetry (DSC) experimentation as well to investigate structural stability. These 
purified recombinant enzymes were also utilized for protein-protein interaction 
experiments to look for potential physical interactions between the two isoforms. 
Additionally, new materials and methods were developed to examine the in vivo 
function of PPDK. The RNAi transgenic lines designed to simultaneously eliminate both 
isoforms of PPDK in endosperm were created using a new set of binary vectors. These 
vectors were developed specifically for Agrobacterium-mediated transformation of maize 
and contain endosperm specific promoters to drive 1) transgene expression for gene 
product elimination by RNAi, 2) overexpression, or 3) expression of translational fusion 
proteins.   
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Methods were developed for the extraction and relative quantification of targeted 
metabolites ATP, PEP, pyruvate, and PPi of single endosperms by GC-MS. The results of 
which were corroborated independently by AELC-MS/MS. While these methods were 
only utilized for the compounds mentioned, many other compounds were identified as well. 
Dissertation Format 
This dissertation contains five chapters beginning with a general introduction to the 
topic. Following that are four chapters that have been submitted for publication or are in 
preparation for submission. Chapter 2 is a submitted publication addressing genetic 
analysis of PPDK function in maize endosperm tissue. Chapter 3 is a manuscript in 
preparation involving recombinant expression of PPDK and its purification to characterize 
enzymatic properties regarding stability in high temperatures. Chapter 4 is a manuscript in 
preparation that details a new series of binary vectors for genetic engineering of maize 
endosperm. Chapter 5 is a technical study presented in a manuscript in preparation for 
submission that details a method for metabolite analysis within the central metabolic 
system of maize endosperm. Chapter 6 is a summary of experiments and conclusions with 
discussion of potential future experiments derived from the work herein. 
Chapter 2 is a collaborative work that includes data generated by several different 
laboratories. The candidate was responsible for overall organization of this study, and 
providing genetically defined tissues to the collaborators for their technical analyses. The 
candidate directly developed the transgenic lines, analyzed the effects of the genetic 
alterations on PPDK protein level, characterized the kernel phenotypes, and performed all 
metabolomic analyses. The paper was written by the candidate with editorial input from 
his co-principal investigators Drs. Myers and Hennen-Bierwagen. The remainder of the 
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dissertation was carried out exclusively by the candidate, making use of technical resources 
available in ISU instrumentation facilities. Those chapters were written by the candidate 
with editorial input from his co-principal investigators. 
Pertinent material for each chapter is contained within that chapter, with the 
exception of Chapters 3 and 4 that refer back to figures or Materials and Methods within 
Chapter 2.  
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Tables 
Table 1.1 World cereal production per year (2012-2017) 
World production of cereal crops in units of 1000 metric tons. Average column represents the 5-year 
average production of each cereal species. Percentage column represents the 5-year average of each 
cereal as a percent of the 5-year average total cereal production. 
        
Cereal 2012/2013 2013/2014 2014/2015 2015/2016 2016/2017 Average Percentage 
Barley 129,046 144,306 141,776 149,248 147,995 142474.2 5.8 
Corn 872,994 994,693 1,019,415 968,807 1,068,793 984940.4 39.9 
Millet 30,026 29,017 30,784 28,862 31,387 30015.2 1.2 
Mixed 
Grain 15,412 15,733 17,112 16,131 15,440 15965.6 0.6 
Oats 20,769 23,159 22,181 22,381 23,321 22362.2 0.9 
Rice, 
Milled 472,524 478,306 478,411 471,865 483,807 476982.6 19.3 
Rye 13,712 15,761 14,458 12,182 12,559 13734.4 0.6 
Sorghum 57,879 61,641 65,907 61,424 62,640 61898.2 2.5 
Wheat 658,600 715,080 727,978 736,983 754,312 718590.6 29.1 
 
 
 
Table 1.2. US cereal production per year (2012-2017) 
Production of cereal crops within the US in units of 1000 metric tons. Average column represents the 5-
year average production of each cereal species. Percentage column represents the 5-year average of each 
cereal as a percent of the 5-year average total cereal production. 
        
Cereal 2012/2013 2013/2014 2014/2015 2015/2016 2016/2017 Average 
Percentag
e 
Barley 4,768 4,719 3,953 4,750 4,339 4,506 1.1 
Corn 273,192 351,272 361,091 345,506 384,778 343,168 80.7 
Oats 892 938 1,019 1,300 940 1,018 0.2 
Rice, 
Milled 6,348 6,117 7,106 6,133 7,117 6,564 1.5 
Rye 166 194 183 295 342 236 0.1 
Sorghum 6,293 9,966 10,988 15,158 12,199 10,921 2.6 
Wheat 61,298 58,105 55,147 56,117 62,859 58,705 13.8 
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CHAPTER 2. FUNCTIONS OF MAIZE GENES ENCODING PYRUVATE 
PHOSPHATE DIKINASE IN DEVELOPING ENDOSPERM 
 
The following chapter is a manuscript under review at Proceedings of the 
National Academy of Sciences USA. 
Ryan R. Lappea, John W. Baierb, Susan K. Boehleinb, Ryan Huffmanc, Qiaohui 
Lina, Fabrice Wattebledd, A. Mark Settlesb, L. Curtis Hannahb, Ljudmilla Borisjuke, 
Hardy Rolletscheke, Jon D. Stewartf, M. Paul Scottc,g, Tracie A. Hennen-
Bierwagena, and Alan M. Myersa,1 
aRoy J. Carver Department of Biochemistry, Biophysics, and Molecular Biology, Iowa 
State University, Ames, IA 50011; bHorticultural Sciences Department, University of 
Florida, Gainesville, FL 32611; cDepartment of Agronomy, Iowa State University, Ames, 
IA 50011; dUnite de Glycobiologie Structurale et Fonctionelle, UMR8576 
CNRS/Universite Lille 1, France; eInstitut für Pflanzengenetik und 
Kulturpflanzenforschung (IPK), Gatersleben, Germany; fDepartment of Chemistry, 
University of Florida, Gainesville, FL 32611; and gUSDA-ARS, Corn Insects and Crop 
Genetics Unit, Ames, IA 50011 
Abstract 
Maize opaque2 (o2) mutations impart beneficial effects on endosperm nutritional 
quality, but cause negative pleiotropic effects for reasons that are not fully understood. 
Direct targets of the bZIP transcriptional regulator encoded by o2 include pdk1 and pdk2 
that specify pyruvate phosphate dikinase (PPDK). This enzyme reversibly converts AMP, 
pyrophosphate (PPi) and phosphoenolpyruvate (PEP) to ATP, orthophosphate (Pi) and 
pyruvate, and provides diverse functions in plants. This study addressed PPDK function in 
maize starchy endosperm where it is highly abundant during grain fill. pdk1 and pdk2 were 
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inactivated separately by transposon insertions, and endosperm-specific RNAi 
simultaneously targeted both genes. pdk2 accounts for the large majority of endosperm 
PPDK, whereas pdk1 specifies the abundant mesophyll form. pdk1- mutation is seedling-
lethal, indicating the C4 photosynthesis pathway is essential. Complete PPDK knockout in 
transgenic plants was demonstrated by undetectable protein or enzyme activity. Transgenic 
kernels weighed the same on average as non-transgenic siblings, with normal endosperm 
starch and total N contents, indicating PPDK is not required for net storage compound 
synthesis. An opaque phenotype resulted from PPDK knockout, including loss of vitreous 
endosperm character also conditioned by o2-. Concentrations of multiple glycolytic 
intermediates were elevated in transgenic endosperm with concurrent energy charge 
alteration. The data indicate PPDK modulates endosperm metabolism, potentially through 
reversible adjustments to energy charge, and reveal o2 can affect the opaque phenotype not 
only through storage protein changes but also by regulation of PPDK. 
Significance statement 
Mutations affecting the transcription factor encoded by the gene o2 are important 
in maize agriculture because they result in improved grain nutritional quality. The 
mutations also cause detrimental effects by reducing kernel hardness and diminishing 
agronomic quality and food applications. The undesirable characteristics are not fully 
understood because the o2 product regulates multiple targets that could contribute to the 
phenotype. This study investigated one target that had not been previously mutated, 
pyruvate phosphate dikinase (PPDK), and showed PPDK deficiency in isolation causes the 
negative phenotype associated with reduced kernel hardness. Thus, maize improvement  
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may be better accomplished by targeting individual metabolic pathways determining 
protein and amino acid balance rather than pleiotropic regulators such as the o2 
transcription factor. 
Introduction 
Maize opaque2 (o2) mutations are beneficial because they condition desirable 
changes in grain amino acid balance, yet can also be detrimental by causing floury, opaque 
grain quality rather than agronomically optimal vitreous character. o2 encodes a bZIP 
transcription factor that directly regulates multiple targets in endosperm including α-, β-, 
and γ-zein proteins, the starch synthase SSIIIa, and pyruvate orthophosphate dikinase 
(PPDK) (EC 2.7.9.1) (Li, et al., 2015, Zhang, et al., 2016). PPDK and SSIIIa may cooperate 
in some functions, because they associate in multisubunit complexes in developing 
endosperm (Hennen-Bierwagen, et al., 2009). Understanding the roles of each target is 
necessary to understand fully how o2- affects grain quality and in turn how to best achieve 
quality traits. The effects of zein deficiencies and SSIIIa mutations in maize endosperm 
have been characterized (Holding, 2014, Lin, et al., 2012, Wu, et al., 2010), but PPDK 
function in that tissue has not previously been analyzed genetically. 
PPDK reversibly interconverts pyruvate, ATP, and orthophosphate (Pi) with 
phosphoenolpyruvate (PEP), AMP, and pyrophosphate (PPi) (Hatch, et al., 1968, Reeves, 
1968, Wood, et al., 1977) and provides diverse functions in various plant tissues. CO2 
fixation via the C4 pathway utilizes PPDK in mesophyll chloroplasts to regenerate the 
initial carboxylate group acceptor, PEP (Hatch, 1987, Jenkins, et al., 1985, Kanai, et al., 
1999). PPDK also functions in senescing leaves, converting pyruvate from amino acid 
breakdown to PEP in a pathway yielding glutamine for amino group transport (Taylor, et 
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al., 2010). This involves cytosolic PPDK, rather than the C4 plastidial enzyme. Cytosolic 
PPDK also functions in gluconeogenesis during Arabidopsis seed germination, using 
pyruvate from amino acid catabolism (Eastmond, et al., 2015). Another function is to 
provide PEP to the shikimate pathway in cells surrounding vasculature, using pyruvate 
from decarboxylation of organic acids in the transpiration stream (Janacek, et al., 2009). 
In these instances PPDK acts in the gluconeogenic direction, converting pyruvate 
to PEP and consuming ATP. PPDK can also act glycolytically, e.g., in microorganisms in 
anoxic or hypoxic environments, and sometimes replaces pyruvate kinase in glycolysis 
(Chastain, et al., 2011). This PPDK reaction yields 2 mol ATP per mol PEP when adenine 
nucleotide equilibration by adenylate kinase is considered, rather than 1 mol ATP in 
canonical glycolysis, which can be advantageous in oxygen-limiting conditions (Chastain, 
et al., 2011, Mertens, 1993). Potential glycolytic function of PPDK in specific plant tissues 
is suggested by its markedly increased expression in rice coleoptiles or seedlings subjected 
to anoxia (Huang, et al., 2008, Lasanthi-Kudahettige, et al., 2007). Maize endosperm is 
another oxygen-limited tissue with high PPDK levels (Mechin, et al., 2007, Rolletschek, 
et al., 2005, Walley, et al., 2013), coincident with biomass accumulation and associated 
ATP demand. Direct evidence of PPDK function in plant glycolysis is lacking, however, 
and any role in low-oxygen conditions remains to be determined. Other hypotheses for 
endosperm PPDK function include 1) gluconeogenesis, providing hexose for starch 
biosynthesis, 2) provision of pyruvate for lipid synthesis, and 3) control of metabolic fluxes 
through its contribution to PPi homoeostasis (Chastain, et al., 2006, Hennen-Bierwagen, et 
al., 2009, Huang, et al., 2008, Kang, et al., 2005, Mechin, et al., 2007). The latter hypothesis 
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considers that PPi is a product of both PPDK's gluconeogenic activity and ADP glucose 
pyrophosphorylase, the enzyme that routes glucose-phosphate into starch metabolism. 
Mutation of one of the two rice PPDK genes conditioned opaque endosperm (Kang, 
et al., 2005). Thus, o2- could conceivably cause opaque endosperm entirely through PPDK, 
independent of its effects on zein expression and starch biosynthesis. Net biomass 
incorporation was only slightly reduced in rice PPDK single mutants, showing that ATP 
produced by PPDK is not a major contributor to overall anabolic metabolism. Further 
analysis is needed, however, because the second rice PPDK gene remained active, 
endosperm PPDK expression varies between maize and rice, and the metabolic basis of the 
change from vitreous to floury tissue character remains unknown. The current study 
transgenically eliminated PPDK from maize endosperm, and classically inactivated each 
of the two maize PPDK genes. Endosperm PPDK knockout caused mutation from vitreous 
to opaque kernel character, and metabolite analyses indicated PPDK affects glycolysis and 
the energy charge, i.e., the ratio of ATP to ATP + ADP + AMP. The results emphasize the 
pleiotropic nature of o2- effects on grain quality, including storage protein accumulation, 
starch biosynthesis, and metabolic regulation mediated by PPDK. 
Results 
Insertional mutagenesis of pdk1 and pdk2 
The maize genome contains two loci encoding PPDK, designated here pdk1 (gene 
model GRMZM2G306345) and pdk2 (gene model GRMZM2G097457), both of which are 
directly regulated by o2 (Li, et al., 2015, Zhang, et al., 2016). The pdk1 locus utilizes 
alternative start sites, with one mRNA encoding a predicted plastid transit peptide and the 
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other lacking codons for any obvious targeting signal (Sheen, 1991). pdk2 encodes a 
predicted cytosolic protein that is 94% identical to the cytosolic pdk1 product. Transposon 
insertion alleles of pdk1 and pdk2 were isolated. The mutation pdk1-MuEx10 contains a 
Mutator (Mu) element in exon 10, and pdk2-DsEx4 is caused by a Dissociation element 
(Ds) in exon 4 (Fig. S2.1A). Each mutation was maintained in heterozygotes through at 
least five backcrosses to standard inbred W64A for pdk1-MuEx10 or W22D for pdk2-
DsEx4 (Ahern, et al., 2009). Crosses between heterozygotes provided homozygous mutant 
kernels and non-mutant siblings grown 
on the same ear, which were identified 
by PCR amplification (Fig. S2.1B). 
Visual kernel phenotypes were not 
observed in any population segregating 
for pdk1-MuEx10 or pdk2-DsEx4, nor 
did kernel weight differ between mutant 
and wild type kernels on the same ear 
(Table 2.1). This is in contrast to rice, 
where a single mutant lacking function 
of the pdk1 homolog caused an opaque 
phenotype (Kang, et al., 2005). Single-
kernel near infrared reflectance (NIR) 
spectra predicted starch, protein, and oil 
content, and density, in the segregating 
population (Gustin, et al., 2013, 
 
 
Figure 2.1. Seedling phenotypes. Progeny seedlings 
from crosses between Pdk1/pdk1-MuEx10 plants 
were genotyped and photographed on various days 
after sowing (DAS). The seedling lethal phenotype 
co-segregated with the homozygous mutant genotype 
in ~200 progeny plants. 
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Spielbauer, et al., 2009). No consistent difference between wild type and mutant siblings 
were observed regarding composition, although NIR spectra differences correlate with 
elevated density in pdk2-DsEx4 homozygous kernels (Table 2.1).  
 Single mutant plants were also examined for phenotypic effects. Homozygous 
pdk1-MuEx10 plants germinated normally (Fig. S2.2A) but seedlings invariably died at the 
three-leaf stage (Fig. 2.1). Necrosis 
was first evident in leaf tips, 
coincident with cells in normal 
plants that initially acquire C4 
metabolism (Majeran, et al., 2010). 
This confirms pdk1-MuEx10 is a 
loss-of-function allele and indicates 
C4 metabolism is essential for 
maize viability. Homozygous pdk2-
DsEx4 plants germinated normally 
(Fig. S2.2B), were viable, and 
displayed no obvious growth or 
morphological phenotype.  
PPDK protein level in wild 
type and mutant sibling endosperms 
was measured by immunoblot. 
Homozygous pdk2-DsEx4 mutants 
exhibited a strongly reduced PPDK 
 
Figure 2.2. PPDK levels. (A) Endosperm immunoblots of 
insertion mutants. 20 DAP kernels from crosses between 
heterozygotes were genotyped from embryo DNA. The 
indicated amount of soluble endosperm extract was 
separated by SDS-PAGE and probed in immunoblots with 
anti-PPDK. (B) Seedling leaf immunoblots of insertion 
mutants. Progeny from crosses between heterozygotes were 
genotyped and leaf extracts were analyzed as in panel A. (C) 
PPDK enzyme activity in total endosperm extracts of 
insertion mutants. Soluble extracts were prepared from 
endosperms of known genotype as in panel A. Numbers in 
parentheses indicate biological replicates and error bars 
show standard deviation. Single asterisk indicates 
significant difference from wild type (p value = 0.007). 
Double asterisk indicates significant difference from 
heterozygote (p value < 10-5). (D) Endosperm immunoblots 
of transgenic kernels. Hemizygotes were crossed to 
standard and progeny kernels were classified by PCR as 
containing (Tx) or lacking (WT) the indicated transgene. 
Immunoblot analysis was as in panel A, with 5 µg protein 
loaded. 
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signal, although residual protein was detected when gels lanes were overloaded with a 10-
fold increase of total extract (Fig. 2.2A). This major effect on PPDK level confirms 
pdk2-DsEx4 is a loss-of-function allele. The result further indicates pdk1 conditions a 
minor portion of the endosperm enzyme, consistent with proteomic data showing PPDK1 
to be 5% of the total (Walley, et al., 2013) and enzyme activity data that follows. Loss of 
pdk1 function had no obvious effect on endosperm PPDK level, consistent with each form's 
abundance. Transcripts from pdk1 and pdk2 are approximately equally abundant in 
endosperm (Davidson, et al., 2011, Gallusci, et al., 1996, Li, et al., 2014, Prioul, et al., 
2008, Waters, et al., 2011), implying post-transcriptional control accounts for the 
unbalanced levels of PPDK1 and PPDK2.  
Leaf PPDK levels were measured similarly. The mutant allele pdk1-MuEx10 
conditioned complete loss of the PPDK immunoblot signal in seedling leaf, whereas pdk2-
DsEx4 had no detectable effect (Fig. 2.2B). This is consistent with proteomic observation 
of PPDK1 at high level in mesophyll and PPDK2 in much lower abundance exclusively in 
bundle sheath cells (Friso, et al., 2010). 
Endosperm PPDK activity was also measured. In agreement with immunoblot data, 
homozygous pdk2-DsEx4 conditioned ~85% reduction compared to wild type siblings, 
whereas pdk1-MuEx10 had no detectable effect (Fig. 2.2C). Enzyme activity is 
proportional to gene dosage as shown by 33% reduction in heterozygous pdk2-DsEx4/+ 
endosperm compared to +/+. This confirms pdk2 is the major contributor to total 
endosperm PPDK function. Remnant activity in pdk2-DsEx4 homozygotes confirms pdk1 
contributes a minor fraction of the total.  
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RNAi-mediated inhibition of endosperm PPDK expression 
Tissue-specific RNAi was used to target both pdk1 and pdk2 for inactivation with 
a single transgene while circumventing seedling lethality caused by loss of pdk1 function 
in vegetative tissues. Endosperm-specific promoters from the gene zp27 encoding the 
27-kDa γ-zein (Coleman, et al., 1995) or Fl2 encoding a highly expressed 22-kDa α-zein 
(Woo, et al., 2001) drove expression of the first 546 bp of the pdk1 cDNA coding region 
duplicated in inverted orientation (Fig. S2.3A). The expressed sequence contains 323 bp 
that are 95% identical in the pdk1 and pdk2 cDNAs (Fig. S2.4), so the transgenes target 
both loci. Significantly similar sequence does not appear elsewhere in the B73 genome. 
Both promoters are active apparently exclusively in endosperm starting early during grain 
fill and maintain function throughout development (Li, et al., 2014, Stelpflug, et al., 2016, 
Woo, et al., 2001). Three lines with independent integrations of transgene 27PDKRi, 
containing the zp27 promoter, and two lines with independent integrations of 22PDKRi, 
containing the Fl2 promoter, were backcrossed into the W64A or B73 inbred background. 
PCR genotyping (Fig. S2.3B) revealed near-Mendelian ratios of progeny lacking or 
containing each transgene, demonstrating a single genomic locus for each insertion. 
Transgene-containing plants germinated and developed apparently normally in field 
conditions as far as visual characterization can determine. Germination frequency was 
assayed directly, with no differences detected between transgenic kernels and wild type 
siblings (Fig. S2.2C). Plant viability and apparently normal growth rates indicated the 
transgenes do not substantially interfere with pdk1 leaf function.  
Immunoblot analysis evaluated the effects of each independently integrated 
transgene on endosperm PPDK level. Hemizygotes were crossed to wild type to generate 
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segregating populations of transgenic and normal sibling kernels on the same ear. PPDK 
was readily detectable in normal segregants but completely absent in all transgenic siblings 
(Fig. 2.2D). PPDK enzyme activity in transgenic endosperm extracts from all five lines 
was undetectable above background (Table 2.2), and was markedly lower than that of pdk2-
DsEx4 homozygotes. Thus, 27PDKRi and 22PDKRi condition complete knockout of 
endosperm PPDK. 
 
   
Figure 2.3. Opaque phenotype conditioned by 
PPDK knockout. All kernels are congenic in the 
<B73/W64A> F1 background. (A) Visual 
phenotype. Segregating families on the same ear 
were established for each indicated transgene. 
Mature kernels were photographed over 
transmitted light, and cross sections were imaged 
on a flatbed scanner. The same kernels were 
subsequently genotyped by PCR. Tx, transgene-
containing segregants; WT, non-transgenic 
siblings. (B) Co-segregation of predicted density, 
visual phenotype, and genotype. Segregating 
families on the same ear were established for each 
of the indicated transgenes, as in panel A. 
Approximately 48 individuals in each population 
were scored for visible phenotype as in panel A, 
analyzed by single kernel NIR for predicted 
density, and genotyped by PCR. Each point in the 
plot represents an individual kernel.  Tx, transgene-
containing segregants; WT, non-transgenic 
siblings. (C) NMR analysis of mature kernels. 
NMR signal intensity was collected in a virtual 
cross section along the axis shown in the red dotted 
lines above each plot. Vertical arrows indicate the 
position of each kernel boundary along that axis. 
Individuals shown are from a family segregating 
for transgene 27PDKRi #33 Tx, transgenic 
segregant; WT, non-transgenic segregant. 
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Kernel Phenotypes Mediated by PPDK Deficiency 
Hemizygous plants in the B73 or W64A background were crossed to the reciprocal 
standard to generate <B73/W64A> F1 ears with kernels segregating for presence or absence 
of the transgene. Progeny kernels were analyzed visually for opaque appearance, by NIR 
spectroscopy to predict density and composition, and by PCR genotyping. Strong 
correlation was observed between the transgene, opaque appearance, and reduced predicted 
kernel density (Fig. 2.3A, B) (Table 2.3). Exceptions likely were from incomplete 
penetrance or incorrect scoring for phenotype or genotype, as shown by χ2 tests (Table 2.4). 
Segregating populations in inbred backgrounds were analyzed similarly, again showing 
co-segregation between the transgene, predicted kernel density, and the visual phenotype 
(Fig. S2.5). Analogous results were observed for five independent transgene events, over 
two successive field seasons, in three genetic backgrounds (Table 2.3). 
Distinctions in packing of storage compounds were also detected by single kernel 
NMR scans in virtual cross sections (Fig. 2.3C). Wild type kernels exhibited areas of high 
NMR signal intensity at the endosperm periphery alternating with low intensity signal in 
the interior, correlating with the vitreous and floury tissue, respectively. In contrast, 
transgenic segregants exhibited essentially uniform signal intensity across the section, at 
the level corresponding to the interior floury area of non-mutant siblings. 
Protein content differences between transgenic and normal kernels were predicted 
from NIR spectra in nine of ten ears, and oil content variation in seven ears (Table 2.3). 
Mature kernel weight did not vary by genotype in any segregating population (Table 2.3). 
Total endosperm nitrogen and starch were measured directly in families segregating for 
27PDKRi #1. In two ears harvested 20 DAP, and one mature ear, no significant difference 
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in total N content determined by elemental analysis was detected (Table 2.5). Starch 
content was determined in single endosperms from the mature ear and one 20 DAP ear. 
Again, significant differences between transgenic and normal endosperms were not 
detected (Table 2.5). The observations that total N and starch in endosperm are unchanged, 
yet NIR spectra predict elevated protein content in whole kernels of transgenic segregants, 
may indicate altered endosperm to embryo ratio within mature kernels.  
Light microscopy (LM) revealed that at maturity starch granules are packed less 
tightly in PPDK knockout endosperm than normal (Fig. 2.4), consistent with floury texture. 
The granule diameter distribution at maturity was shifted towards smaller particles in 
transgenic kernels bearing either 27PDKRi #1 or 27PDKRi #33 compared to non-
transgenic siblings from the same ear (Fig. 2.5). The linear chain length distribution within 
amylopectin, and the amylose content, were measured in transgenic and non-transgenic 
kernels segregating for either 27PDKRi #1 or 27PDKRi #33. No significant differences 
were detected (data not shown).  
No obvious differences in protein body morphology between PPDK knockout 
endosperm and normal siblings were detected at the ultrastructural level (Fig. 2.6) (Fig. 
S2.6). Zein content was analyzed chromatographically (Fig. S2.7) and by SDS-PAGE (Fig. 
S2.8) in lines segregating for any of three different transgenes. Included as a control was 
transgene 27GUS #5, which expresses E. coli β-glucuronidase (GUS) from the zp27 
promoter. Neither total zein nor non-zein protein level was noticeably decreased between 
PPDK knockout endosperm and normal siblings (Fig. S2.7, S2.8). One exception was noted   
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in 27PDKRi #1 individuals where 27 kDa γ-zein was strongly reduced. This was not an 
effect of the zp27 promoter, because neither 27PDKRi #33 nor 27PDKRi #8 nor 27GUS #5 
affected that peak. 
 
Figure 2.4. LM visualization of mature endosperm. Sibling mature kernels from the same ear segregating 
for the indicated transgene were characterized as in Fig. 3A, then fixed, embedded, sectioned, stained 
with Toluidine Blue and Basic fuschsin, and visualized by light microscopy. The aleurone layer marks 
the exterior of the endosperm tissue. Tx, transgene-containing segregants; WT, non-transgenic siblings; 
SE, starchy endosperm tissue. 
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Figure 2.5. Starch granule size differences. Granule diameters were measured by a particle sizer, and the 
abundance for each size range from 3 - 25 µm was calculated. The difference in frequency for each size 
range was determined by subtracting the mutant value from the wild type value. Transgenic and non-
transgenic segregants for 27PDKRi #1 and 27PDKRi #33 were from the same ear, respectively. Results 
shown are from one of two biological replicates that yielded essentially identical results. 
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Figure 2.6. TEM visualization of 20 DAP endosperm. Sibling endosperms from the same ear segregating 
for the 27PDKRi #33 transgene were fixed, embedded, sectioned, stained with uranyl acetate, and 
visualized by electron microscopy. (A) Sequential cell depths in starchy endosperm. Cell layers were 
determined by overlapping TEM images of sequential sections (Fig. S7). Layer 1 is the sub-aleurone 
layer. All images are at the same scale. Tx, transgene-containing segregants; WT, non-transgenic siblings. 
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Metabolite phenotypes conditioned by PPDK deficiency 
Non-targeted and targeted metabolomics analyses of 20 DAP endosperm revealed 
changes in the levels of specific compounds in PPDK knockout segregants relative to wild 
type siblings. For non-targeted analysis, three ears were analyzed that varied by growth 
year, inbred background, and transgene event. For each ear, metabolites were extracted 
from two biological replicate pools of transgenic endosperms and two pools of non-
transgenic siblings, with five individuals per pool. Metabolites in the aqueous phase of 
CHCl3-methanol extracts were analyzed by reverse phase liquid chromatography-
electrospray ionization mass spectrometry (RPLC-MS). Integrated peak height intensity 
was tabulated for 700 mass features in negative ion mode and 1164 features in positive ion 
mode. Data filtering removed 25% of the negative ion features and 40% of the positive 
features prior to analysis (Hackstadt, et al., 2009). Principal component analysis (PCA) 
showed maximum variation in global metabolite pools was between individual ears 
independent of kernel genotype (Fig. 2.7A). PC3 distinguished samples by genotype, 
indicating PPDK loss conditioned reproducible changes in steady state metabolite 
populations independent of variation between parent plants or their environment. PCA 
applied to eight pools from the same field season, including two independent transgene 
events, found PC2 distinguishes transgenic and non-mutant siblings, accounting for >20% 
of variation. Statistical analyses (Materials and Methods) identified specific mass features 
likely to vary in abundance owing to presence or absence of PPDK, many identified by 
comparison to standards (Table 2.6). 
Targeted analyses quantified fold-changes in PPDK substrates and other 
metabolites not detected by RPLC-MS. ATP was quantified enzymatically in sibling 
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endosperms segregating on two different ears (Fig. 2.7B). Gas chromatography-MS (GC-
MS) methods were developed (Materials and Methods) to measure pyruvate, PEP, and PPi 
in total extracts (Fig. 2.7C). A targeted set of central metabolites was also analyzed by 
anion exchange liquid chromatography-MS (AELC-MS) (Rolletschek, et al., 2005, 
Schwender, et al., 2015).  
 
 
  
Figure 2.7. Relative metabolite levels. (A) 
PCA of samples from three ears showing score 
plots for negative ions. The parent ear of each 
pool is indicated. Ear 604 is segregating for 
transgene 27PDKRi #1 in the B73 (BC3) 
background, grown summer 2013. Ear 1019 is 
segregating for transgene 27PDKRi #1 in the 
B73 (BC5) background, grown in summer 
2014. Ear 1515 is segregating for transgene 
27PDKRi #33 in the W64A (BC6) background, 
grown in summer 2014. (B) Adenylate fold-
changes. Relative ADP and AMP levels were 
determined by RPLC-MS and ATP was 
quantified enzymatically. Average ATP 
content in wild type endosperm was 0.122 ± 
0.026 pmol/mg DW. Error bars indicate 
standard deviation, single asterisks indicate 
statistical significance at p value < 0.03, and 
double asterisks indicate significance at p value 
< 0.007. ATP values are from 20 biological 
replicates of each genotype, and other values 
are from four replicates of each class (C) PEP 
and pyruvate fold-changes measured by GC-
MS. Numbers in parentheses indicate 
biological replicates of individual kernels. 
Sibling populations were segregating for each 
indicated transgene on single ears. Single 
asterisks indicate statistical significance at p 
value < 0.03, and double asterisks indicate 
significance at p value < 0.007.  
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Steady state concentrations of multiple glycolytic intermediates and related 
metabolites are elevated in the absence of PPDK (Fig. 2.8A). Glc-1-P was the most 
statistically significant change in the non-targeted RPLC-MS analysis, showing 1.8-fold 
elevation in PPDK knockout endosperm. Dihydroxyacetone phosphate (DHAP) exhibited 
a significant 5.6-fold increase. A hexose alcohol, likely sorbitol from reduction of Glc or 
Frc, and ribose-5-phosphate and/or ribulose-5-phosphate, from Glc-1-P through the 
oxidative pentose phosphate pathway (oxPPP), were both significantly elevated in 
transgenic tissue. Targeted GC-MS found PEP to be significantly elevated 2-fold in 
transgenic segregants in populations containing any of three independent transgenes 
(Fig. 2.7C). Pyruvate, however, was not significantly altered between transgenic and 
normal siblings. AELC-MS independently detected excess Glc-1-P and PEP in transgenic 
samples, and confirmed pyruvate levels are not significantly altered. AELC-MS revealed 
further that hexose-6-P and Frc-1,6-BP are also elevated in PPDK knockout endosperm.  
The citric acid cycle did not appear to be substantially altered by PPDK deficiency 
(Fig. 2.8A). RPLC-MS found citrate, succinate, fumarate, malate, and oxaloacetate all to 
be unaffected. 2-oxoglutarate, however, was elevated 2.1-fold in PPDK knockout tissue. 
Similar results were found independently by AELC-MS. Twelve free amino acids were 
identified by RPLC-MS, of which Thr, Tyr, Met, Pro, Asn, Leu, Ile, Ala, Phe, and Trp 
were unaffected by loss of PPDK. Gln was elevated in PPDK knockout tissue, consistent 
with increased 2-oxoglutarate, whereas Asp was reduced 2-fold. 
Energy charge, a factor revealing the ratio of ATP to AMP and ADP, was reduced 
in PPDK knockout endosperm. AMP, UMP, and CMP were all significantly elevated in 
steady state level in transgenic kernels (Fig. 2.7B). ADP also exhibited a large fold 
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increase, although high variation 
precluded statistical significance. 
Average ATP content was significantly 
reduced by 20% in transgenic endosperm 
(p value = 0.002; n = 40) (Fig. 2.7B), 
consistent with AMP and ADP elevation. 
Together these results indicated energy 
charge is reduced in the absence of 
PPDK. Finally, although PPi could be 
detected in total extracts by both GC-MS 
and AELC-MS, in each instance the 
quantified values were too variable to 
assign statistical significance.  
Discussion 
This study demonstrates maize 
endosperm PPDK is required for normal 
organization of storage compounds so 
that mature endosperm achieves the hard, 
vitreous character necessary for optimal 
agronomic traits. The data imply o2- 
mutations can affect kernel vitreousness not only through zein protein levels, but also by 
regulating PPDK expression (Fig. 2.8B). This provides further support for the concept that 
alteration of maize nutritional quality by manipulation of o2 downstream targets, i.e., zein 
 
Figure 2.8. (A) Metabolome changes in PPDK 
knockout endosperm. Combined RPLC-MS, GC-MS, 
and AELC-MS data are illustrated. Values are log2 of 
the knockout endosperm level relative to wild type. 
Metabolites in grey were not identified, and those in 
black without an indicated fold-change did not exhibit 
significant differences (Materials and Methods). Black 
or tan boxes represent mitochondria or amyloplasts, 
respectively, to indicate potential metabolite location, 
although data reported are for the total level. The dotted 
line indicates potential inhibition of triose phosphate 
isomerase by PEP. (B) Model for effects of o2 mediated 
by PPDK. Three known direct targets of o2 are 
indicated. PPDK is proposed to affect vitreous 
endosperm formation as a downstream effect from a 
primary role in energy charge adjustment. 
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proteins, may in the long term prove more effective than classical methods that have 
focused on changing the upstream controlling factors (Zhang, et al., 2016). An opaque seed 
phenotype is also conditioned by PPDK deficiency in rice (Kang, et al., 2005), although 
there are clear distinctions from maize. Specifically, mutation of the rice pdk1 homolog 
caused the phenotype, whereas maize pdk1 is a minor contributor to total endosperm PPDK 
and the opaque phenotype was observed only when both pdk1 and pdk2 function was 
eliminated transgenically. 
This genetic analysis confirms proteomics data (Friso, et al., 2010, Walley, et al., 
2013) showing the great majority of PPDK is specified by pdk2 in endosperm and pdk1 in 
leaf. The pdk1 and pdk2 products in endosperm are redundant with respect to maintenance 
of vitreous endosperm character. This implies that PPDK activity in wild type endosperm 
is in excess of that necessary for normal vitreousness, and the minor amount specified by 
pdk1 is sufficient for this function. In contrast, residual leaf PPDK specified by pdk2 cannot 
compensate for loss of pdk1. This likely results from tissue specific gene expression, 
because the pdk1 product is present in mesophyll, the site of PPDK function in C4 
metabolism, whereas the pdk2 product accumulates in bundle sheath cells (Friso, et al., 
2010). Subcellular localization should also be considered as an explanation for the specific 
function of pdk1, because one of the transcript classes from that gene encodes a plastidial 
protein whereas the pdk2 mRNA lacks coding sequence for a plastid transit peptide 
(Parsley, et al., 2006, Sheen, 1991). Subcellular localization of the pdk2 product requires  
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further investigation, however, because in contrast to bioinformatic prediction of cytosolic 
location it was specifically detected within chloroplasts (Friso, et al., 2010), in complexes 
with plastidial proteins (Hennen-Bierwagen, et al., 2009), and in the interior of starch 
granules (Borén, et al., 2004). 
Increased steady-state concentration of six glycolytic intermediates, including PEP, 
provides internally consistent evidence that PPDK acts in the glycolytic direction in maize 
endosperm, and that flux through that pathway is reduced in its absence. The large fold-
change in DHAP, together with elevated PEP, agrees with previous findings that the latter 
can competitively inhibit triose phosphate isomerase (Gruning, et al., 2014, Gruning, et al., 
2011), which is needed for DHAP to continue through glycolysis. The reason pyruvate is 
not decreased even though PEP is elevated is unknown, but could involve one of several 
alternative pathways. 
The hypothesis that PPDK is a component of glycolysis necessary for endosperm 
ATP supply is inconsistent with these results. Total biomass accumulation is normal in 
PPDK knockout endosperm, implying ATP supply through kernel development is not 
reduced to the extent that it limits anabolic processes. PPDK, therefore, is not replacing 
pyruvate kinase in glycolysis as it does in some microbes, nor does it overlap with pyruvate 
kinase in glycolytic function to the extent that it is required for a major portion of the ATP 
or pyruvate supply needed for grain fill. 
The hypothesis that PPDK regulates division between starch and storage protein 
biosynthesis (Hennen-Bierwagen, et al., 2009, Mechin, et al., 2007) also is inconsistent 
with the results. Endosperm starch and total N levels are not altered in transgenic 
segregants. Normal division in flux between those two storage pathways, therefore, does 
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not require PPDK and accordingly does not depend on PPi generated by PPDK. The data 
do not rule out the possibility that PPDK could affect other as yet unidentified aspects of 
cellular function through a role in PPi homeostasis. This could not be resolved here because 
variable recovery during metabolite extraction prevented reproducible PPi quantification. 
Regulation by PPDK-generated PPi within amyloplasts must also be considered, because 
subcellular localization of the enzyme is not fully resolved and it likely resides in multiple 
compartments. 
The data are consistent with the hypothesis that PPDK functions to mediate the 
energy charge of endosperm tissue, and this in turn adjusts metabolic fluxes. Statistically 
significant buildup of six glycolytic intermediates from Glc-1-P to PEP indicates a reduced 
rate of conversion through that pathway (Schwender, et al., 2015), even though anabolic 
metabolism, i.e., starch and protein deposition, is not compromised. Increased 
mononucleotide pools in PPDK knockout tissue are clearly evident because AMP, UMP, 
and CMP were all found to be significantly elevated in the non-targeted analysis, and this 
together with reproducibly decreased ATP demonstrates significance of the altered energy 
charge calculation. Energy charge regulates numerous central metabolism enzymes, so flux 
adjustments could respond to PPDK activity. This may be an important aspect of maize 
endosperm development in normal hypoxic conditions where O2 is rate-limiting for ATP 
production (Rolletschek, et al., 2005). In such an environment there may be local variation 
in the pathways that generate the ATP necessary for starch-, amino acid-, and protein 
biosynthesis depending on whether O2 is available for oxidative metabolism in the 
mitochondria or if fermentative pathways assume that role. Generation of carbon skeletons 
for amino acid biosynthesis could also be balanced by changes in fluxes through particular 
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pathways, and this may require adjustment as storage protein deposition proceeds. Energy 
charge in maize endosperm is known to fluctuate both through the diurnal cycle and over 
development (Scott, 2000), and PPDK could be involved in either effect. Higher level 
control of endosperm development by o2 and related transcription factors could thus 
include storage protein through effects on zeins, starch through effects on SSIII and other 
biosynthetic enzymes, and metabolic fluxes through effects on PPDK. 
The reason that PPDK deficiency causes disruption of vitreous endosperm 
formation and the opaque kernel phenotype remains to be determined. One possibility is 
that zein precursor transport across the endoplasmic reticulum membrane is particularly 
sensitive to ATP steady state level. This was proposed to explain that restoration of vitreous 
quality to o2- mutants in quality protein maize involves increased expression of PPi-
dependent phosphofructokinase, a glycolytic enzyme thought to result in elevated ATP 
yield (Guo, et al., 2012). Another possibility is that normal maize endosperm development, 
in its hypoxic environment, requires changing fluxes between aerobic and glycolytic 
metabolism, and without such regulation the opaque phenotype results. Proteomics data 
indicate this shift from increased glycolytic enzyme abundance relative to citric acid cycle 
constituents as development proceeds in cereal endosperm (Prioul, et al., 2008, Xu, et al., 
2008). Prior to changes in metabolic enzyme populations by gene expression mechanisms, 
PPDK could mediate short term adjustments of metabolic fluxes by allosteric regulation 
responsive to energy charge. Failure of this regulation when PPDK is absent could thus 
lead to loss of vitreousness (Gayral, et al., 2015, Gayral, et al., 2016).  
 65 
Reduced granule size in altered PPDK conditions, when total starch content does 
not change, implies more frequent initiation of granule formation. The mechanism 
explaining this effect remains unknown but may relate to direct interaction between PPDK 
and SSIII (Hennen-Bierwagen, et al., 2009), the latter having been implicated in granule 
initiation in Arabidopsis leaf (Szydlowski, et al., 2009). Another unknown is the reason 
pdk2- mutants exhibit increased density predicted by NIR whereas PPDK knockouts 
display density decreases. The observation suggests that the effects of very low PPDK 
activity in the pdk2- mutant may be different than the effects of no PPDK activity, at least 
with respect to how endosperm storage materials are packed.  
The data suggest PPDK modification could be applied as a means of creating 
variability in kernel hardness traits. In some genetic backgrounds PPDK knockout 
conditions a qualitative trait, i.e., complete absence of vitreous endosperm (Fig. 2.3A). In 
W64A, however, the PPDK transgenes cause a quantitative effect in the extent of the 
vitreous region (Fig. S2.5). Quantitative contributions of PPDK function to kernel hardness 
is consistent with previous data showing interaction among allelic variants at o2 and pdk1 
correlate with kernel trait differences in varying genetic backgrounds (Manicacci, et al., 
2009). 
Materials and Methods 
Genetic Nomenclature 
Gene loci are designated by small letters in italics, e.g., pdk1 or pdk2. Non-mutant 
alleles are designated by capital first letters in the name, e.g., Pdk1 or Pdk2. Specific alleles 
are designated by the gene locus name followed by a dash and an allele designator, e.g., 
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pdk1-MuEx10 or pdk2-DsEx4, and generalized loss of function alleles are indicated by a 
dash without an allele designator following the gene locus name, e.g., pdk1- or o2-. 
Metabolite Measurements 
Kernels were retrieved from -80oC storage and pericarp and embryo were removed 
quickly to prevent thawing. Endosperms were immediately frozen in liquid N2 then 
returned to -80oC for interim storage, while genotypes were determined from embryo 
DNA.  
RPLC-MS non-targeted metabolomics 
Endosperms were lyophilized, then powdered by shaking in a bead beater for 60 sec 
using a 5 mm stainless steel ball. Powdered samples were stored at -80ºC until extraction 
at room temperature. Tissue from five kernels was pooled, then 30 mg samples were 
combined in a microcentrifuge tube with 20 µL of Daily Internal Standard Mix, 750 µL of 
methanol and 750 µL of 10 mM (NH4)2SO4. Samples were vortexed for 1 min then 
sonicated for 10 - 20 min. Insoluble materials were removed by centrifuging at 17,000g for 
10 min. 
Samples were analyzed by electrospray ionization RPLC-MS using a Dionex 
UPHLC chromatography system and a Thermo Q Exactive Oribtrap mass spectrometer at 
the Southeast Center for Integrative Metabolomics. Chromatographic separation utilized 
an ACE 2.1×100 mm Excel 2 C18-PFP column with 2.0 µm particle size (ACE no. EXL-
1010-1002U), preceded by a Halo C18-PFP guard column, and a binary solvent gradient 
(A, 0.1% formic acid in H2O; B, 100% acetonitrile) at a flow rate of 350 µL/min. After 
sample injection (2 µL for positive ion mode, 4 µL for negative ion mode) with 100% 
solvent A, a 10 min linear gradient to 80% solvent B was commenced at 3 min. After 
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holding at 80% solvent B for 3 min the column was returned to 100% solvent A by a 
0.5 min linear gradient, then re-equilibrated in 100% solvent A. For both positive- and 
negative-ion modes, probe temperature was 350ºC, spray voltage was 3500 V and capillary 
temperature was 320ºC. For positive-ion mode, the sheath, auxiliary and spare gas were 
40, 10, and 1, respectively; for negative-ion mode, they were 45, 10, and 1, respectively. 
Sample sets were begun with 3 blank runs, 1 neat Quality Control (QC) mixture and one 
Pooled Quality Control (PQC) sample. After 10 unknowns had been analyzed, one blank, 
one neat QC and one PQC sample were run before the next set of unknowns. 
RPLC-MS data were processed by converting .raw files to .MZxml files using 
MZmine (Pluskal, et al., 2010). After further processing with MZmine, higher level 
statistical analyses used MetaboAnalyst 3.0 (Xia, et al., 2015). Specific mass features that 
correlate with genotype were identified based on PCA loading factors, partial least squares-
discriminant analysis (PLS-DA) variable importance in projection (VIP) scores, and 
significant fold-change in abundance between classes. Features in the top 10% of both PCA 
loading factor and VIP score, and that differed significantly between classes at p values < 
0.04 (n = 4 for each class) were considered. Features that did not meet these criteria were 
considered independent of PPDK. Compounds were identified by comparison to standards 
characterized in the same LC-MS platform (Table S2.6). 
ATP content 
Single lyophilized endosperms were weighed, powdered by shaking with glass 
beads in a Mini Beadbeater, then extracted as described (Chida, et al., 2012). Tissue was 
homogenized in 1.0 mL buffer-saturated phenol (Fisher no. BP1750I-400), then 0.5 mL 
H2O was added and the mixture was shaken further and centrifuged for 10 min at 10,000 
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rpm. The aqueous phase was extracted in an equal volume of CHCl3. The supernatant was 
diluted 20-fold in H2O and 10 µL samples were assayed in triplicate for ATP content using 
a bioluminescence detection kit according to the manufacturer's protocol (Molecular 
Probes no. A22066). Photon emissions were recorded at 1 s intervals, reading each plate 
four times, using a Synergy 2 Multi-Mode Microplate Reader. Replicates were averaged 
and ATP concentration was determined from a standard curve and normalized to dry 
weight. 
GC-MS targeted metabolomics 
Pyruvate extraction followed the same protocol as for ATP extraction from 
lyophilized endosperm except that the final extracts were diluted 1:1 with H2O and that 
ribitol as an internal standard was added to the aqueous phase at 8 µM final concentration. 
After dilution, 200 µL samples were transferred to GC sample vials and dried by rotary 
speed vacuum.  For derivatization, dried samples were suspended in 100 µL of 20 mg/mL 
methoxyamine in pyridine and incubated at 30°C for 90 min. Subsequently 100 µL 
N,O-bis(trimethylsilyl) trifluoroacetamide/trimethylchlorosilane (BSTFA/TMCS) (99:1) 
(Sigma no. 33155-U) was added and samples were incubated at 80°C for 60 min.  
Extraction for PEP and PPi measurement was as follows. Individual genotyped 
endosperms were lyophilized, weighed, and homogenized in microcentrifuge tubes with 
glass beads in a Mini-Beadbeater. Homogenized tissue and glass beads were quantitatively 
transferred to screw top glass tubes by two 800 µL additions of cold 16% trichloroacetic 
acid (TCA) in ether (w/v) and incubated on ice for 30 min, followed by addition of 1.6 mL 
of 5 mM NaF, ribitol to 8 µM final concentration, in 16% TCA (w/v). Samples were 
vortexed and incubated on ice for an additional 90 min, then 1.6 mL of H2O-saturated ether 
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was added. Approximately three-quarters of the top ether layer was removed and previous 
steps repeated totaling four ether washes.  Following the ether washes, 500-µL of the 
aqueous phase was transferred to GC vials and dried by rotary speed vacuum.  Dried 
samples were derivatized by addition of 100 µL BSTFA/TMCS (99:1) and incubation at 
80°C for 60 min. 
Electrical ionization GC-MS used an Agilent gas chromatograph model 7890 
coupled to an Agilent mass spectrometer model 5975C). Chromatographic separation was 
on an Agilent 19091J-433 HP-5 3-mx 250 µm x 0.25 µm column with a helium flow rate 
of 1 mL min-1. Initial oven temperature was 50°C and increased 15°C min-1 to 225°C, 
followed by an increase of 25°C min-1 to 320°C, then maintained at 320°C. The MS source 
was 230°C, MS quad was 150°C, with an EM voltage of 1200 V. Injection volumes were 
1 µL for pyruvate or 2 µL for PEP or PPi. 
PEP, PPi, and pyruvate retention times were evaluated in full scan mode by addition 
of pure compounds to endosperm extracts prior to derivatization. The extracted mass 
spectrum of each compound was compared to the Golm Metabolome Database (GMD) 
mass spectra reference library to verify compound identity by M/Z fragmentation patterns 
using the National Institute of Standards and Technology (NIST) Automated Mass spectral 
Deconvolution and Identification System (AMDIS) program. The retention times of PEP, 
PPi, and ribitol were determined to be approximately 12.2, 12.7 and 13.13 min respectively. 
Samples evaluated for PEP and PPi content were run in selected-ion monitoring (SIM) 
mode using M/Z fragments 369, 384, and 225 for PEP, and 451, 452, and 466 for PPi.   
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Samples used to evaluate pyruvate content were evaluated in full scan mode for all M/Z 
fragments associated with the compound.  Pyruvate was identified at two retention times, 
approximately 7.2 and 12.2 min determined by the addition of one or two TMS groups by 
derivatization respectively. 
Agilent ChemStation software was used to generate selected ion chromatograms 
associated with the most abundant ion for each compound at the determined specific 
retention times and integrate the associated peak. Integrations of the two pyruvate peaks 
were added, all other integrations were treated individually. Individual sample metabolite 
responses were normalized to the ribitol internal standard and lyophilized endosperm 
weight. Normalized response ratios were calculated by dividing the average normalized 
metabolite response of transgene containing endosperms by the corresponding sibling wild 
type endosperms. 
AELC-MS targeted metabolomics 
Methods were as described previously (Rolletschek, et al., 2005). Extraction of 
lyophilized endosperm was in TCA, anion exchange utilized a Dionex AS11-HC column 
and MS spectra were recorded with Varian LC1200 mass spectrometer. 
Microscopy 
Fresh endosperm tissue harvested 20 DAP, or mature tissue imbibed in H2O for 2 d 
at 50oC, was dissected immersed in fixative (2% paraformaldehyde, 3% glutaraldehyde, 
0.1 M cacodylate, pH 7.2), dissected by hand with a fresh razor blade under fixative into 
small pieces, then fixed and embedded in Spurr's Resin according to standard procedures. 
Sections of mature tissue including the aleurone layer on the outer edge of the endosperm 
were prepared for LM. Ordered serial sections of 20 DAP tissue extending from the 
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aleurone towards the center of the starch endosperm were collected for TEM. LM sections 
were stained in Epoxy Tissue Stain (Electron Microscopy Sciences #14950) containing 
Toluidine Blue and Basic fuschsin, and TEM sections were stained with uranyl acetate, 
according to standard procedures. 
Genomic DNA Extraction 
Seedling leaf DNA was isolated as described (Saghai-Maroof, et al., 1984). Embryo 
DNA was prepared by phenol extraction as follows. Single embryos from 20 DAP or 
mature kernels were homogenized in a microcentrifuge tube with glass beads in a Mini-
Beadbeater (Biospec Products no. 607) and the tissue was suspended in 0.6 mL of 
0.2 M Tris-HCl, pH 7.5, 0.25 M NaCl, 25 mM EDTA. Lysates were extracted successively 
with 0.5 mL phenol followed by 0.45 mL CHCl3:isoamyl alcohol (24:1), then DNA was 
precipitated with 0.8 volumes isopropanol. After re-precipitation from 2 M NH4OAc with 
two volumes of ethanol the pellets were washed once with 80% ethanol, dried, and 
suspended in 50-100 µL H2O. Mature kernels were first imbibed for 1 - 2 days in H2O at 
60oC, and embryos were excised and macerated with a razor blade prior to homogenization. 
Alternatively, embryo tissue from mature kernels was ground with a Dremel drill and the 
powder was collected for extraction using the same method. 
Insertion Mutants 
Insertion allele pdk1-MuEx10 was obtained within accession 240604.5 from the Mu 
Illumina collection of Mutator (Mu) transposon lines (Williams-Carrier, et al., 2010). The 
original isolate was crossed to inbred W64A and pdk1-MuEx10/+ progeny among BC1.2 
plants were identified by PCR. Oligonucleotide primer sequences are specified in Table 
S2.7. Oligonucleotide primers pdk1muR3 and pdk1muF1 detected the wild type allele 
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Pdk1, and pdk1muF1 with Mu-specific primer 9242 were used for pdk1-MuEx10 (Fig. S1). 
Amplification was with GoTaq (Promega no. M7805) in reactions including 2 mM MgCl2, 
with annealing at 55oC. The mutant allele was backcrossed at least five times into the 
W64A background by the same procedure. Crosses between pdk1-MuEx10/+ 
heterozygotes generated kernel populations segregating for homozygous mutants. 
Insertion allele pdk2-DsEx4 was obtained using the genome-wide Ac/Ds 
mutagenesis resource (Ahern, et al., 2009, Vollbrecht, et al., 2010). Seed containing a Ds 
element in pdk2 intron 8 were provided by the Ac/Ds project (accession I.S07.1944; 
http://www.acdstagging.org). Plants containing the desired Ds element were identified by 
PCR amplification of genomic DNA and crossed to a line containing Ac-immobilized 
(Ac-im), a modified Activator controlling element that mediates transposition of non-
autonomous Ds elements but which itself does not transpose (Conrad, et al., 2005). These 
lines are in the genetic background designated here as W22D, a derivative of inbred W22 
functional for anthocyanin biosynthesis in aleurone except for the mutable allele r1-sc:m3. 
Ac-im in the W22D background is recognized by purple spotting on an otherwise colorless 
kernel surface, where r1 function is restored in sectors owing to excision of the Ds element 
within r1-sc:m3. Plants derived from spotted kernels, and verified by PCR to contain the 
Ds element within pdk2 intron 8, were crossed as males to W22D with the expectation that 
either pre-meiotically or during gametogenesis the Ds sequence would have transposed to 
a nearby genomic location so that new mutations would be present in a subset of the pollen 
grains (Ahern, et al., 2009, Vollbrecht, et al., 2010). Approximately 400 progeny kernels 
lacking Ac-im, identified by absence of spotting, were planted and seedling genomic DNA 
was screened by PCR using primer pairs from the ends of the Ds element and random 
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locations distributed throughout the pdk2 locus. DNA from one of these plants generated a 
fragment when amplified with a Ds end primer and genomic primer 2glf2 (Fig. S2.1). The 
DNA sequence of the amplified fragment revealed the location of a Ds element within exon 
4, thus defining the new allele pdk2-DsEx4. The mutant allele was backcrossed five times 
to inbred standard W22D, using PCR amplification to identify heterozygous plants at each 
generation. 
PCR to identify pdk2-DsEx4 used primers JSR_01 and pdk2glf2 in 1.5 mM MgCl2, 
5% DMSO, with annealing at 52oC, using GoTaq. Wild type allele Pdk2 was identified 
using pdk2glf2 and pdk2glr2 in the same conditions.  The pdk2-DsInt8 allele was identified 
by PCR using primers JSR_05 and pdk2IntF. Reactions were in 2.5 mM Mg(SO4)2, 5% 
DMSO, using Platinum Taq (ThermoFisher no. 10966026) with annealing at 54oC.  
RNAi Transformants 
Binary vectors for RNAi expression in endosperm were based on plasmids pRI22 
or pRI27 (unpublished results). These plasmids were adapted from pIPK006 (Himmelbach, 
et al., 2007). Gateway system cassettes were replaced with custom multiple restriction 
sites, maize endosperm-specific promoters were introduced, and the coding region and 35S 
terminator of the hygromycin resistance gene in the original plasmid was replaced by the 
bialophos-resistance gene bar and the transcription termination region of the soybean vspB 
gene, respectively. The 27 kDa zein gene promoter comprised the genomic region from 
1041 bp upstream to 60 bp downstream of the transcription start site in the gene zp27 (gene 
model GRMZM2G138727). The 22 kDa zein gene promoter comprised the genomic region 
from 613 bp upstream to 281 bp downstream of the transcription start site in the gene Fl2 
(Coleman, et al., 1995) (gene model GRMZM2G397687) that encodes the most highly 
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expressed of the 22-kDa α zeins (Woo, et al., 2001). Maps of plasmids used for maize 
transformation are shown in Fig. S2.3C. Agrobacterium-mediated maize transformation 
was performed by the Iowa State University Plant Transformation Facility. Independent 
regenerants were backcrossed at least five times into inbred W64A and/or B73 genetic 
backgrounds using PCR to identify transgenic plants at each generation. 
Detection of 22PDKRi or 27PDKRi transgenes used primers PDKiF1 and RNAiR1 
(Fig. S2.3B). Alternatively, 22PDKRi was detected using primers Z22F and PDK1F1, and 
27PDKRi was detected with 27Z60 and PDK1R59. PCR reactions for all three primer sets 
used GoTaq in 1.5 mM MgCl2, 5% DMSO, with 52oC annealing.  
The binary vector for GUS expression, p27GUS, was based on plasmid p27MCS, 
which is a derivative of pIPK001 (Himmelbach, et al., 2007) adapted as described for the 
RNAi plasmids. The complete open reading frame of the E. coli uidA gene (Genbank 
accession no. NC_000913) was cloned downstream of the zp27 promoter. 
PPDK Protein and Enzymatic Activity 
For immunoblot analysis endosperms dissected from thawed kernels were extracted 
in 50 mM Tris-acetate, pH 7.5, 100 mM KCl, 1 mM DTT, 1 mM PMSF, 1X protease 
inhibitor cocktail (Sigma no. P-9599). Seedling leaf extracts were prepared by grinding 
fresh tissue under liquid N2, then extracting in 0.1 M HEPES-KOH, pH 7, 20 mM β-
mercaptoethanol, 1 mM EDTA, 0.1 mg/mL PMSF, 0.1% Triton X-100, 20% glycerol. 
Particulate matter was removed by centrifugation followed by filtration of the supernatant. 
Protein content was determined by Bradford assay, and 1-10 µg was fractionated by SDS-
PAGE in 8% Laemmli gels (Ausubel, et al., 1989). Transfer to nitrocellulose and 
immunoblot staining was by standard procedure (Ausubel, et al., 1989). Primary antibody 
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raised against maize PPDK (Chastain, et al., 2002) was diluted 1/10,000. Secondary 
antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG (ThermoFisher no. 
32260) diluted 1/15,000. Signal was detected using ECL chemiluminescence reagent (GE 
Healthcare no. RPN2209). 
For PPDK assay endosperms were extracted in 1.5 ml of 50 mM HEPES, pH 7.4, 
5 mM MgCl2, 5 mM DTT at room temperature. Samples were centrifuged at 15,000 rpm 
and the supernatant was desalted using 0.5 ml Zeba Spin columns (ThermoFisher no. 
87766). A continuous assay system quantified PPi produced by PPDK by coupling to 
NADH oxidation detected by loss of absorbance at 340 nm. Coupled reactions (0.5 mL) 
contained 1) 50 mM HEPES, pH 8.0, 10 mM MgCl2, 100 mM KCl, 5 mM DTT, 2) PPDK 
substrates (1 mM ATP, 5 mM Pi, 2 mM pyruvate), 3) coupling enzymes and substrates 
(1 mM fructose-6-phosphate, 1 U PPi-dependent phosphofructokinse (Boehlein, et al., 
2008), 0.725 U aldolase (Sigma no. A8811), 0.4 U triosephosphate isomerase (Sigma no. 
T2391), 0.2 mM NADH, 0.6 U glycerophosphate dehydrogenase (Sigma no. G6751), and 
4) varying amounts of endosperm extract. Data were recorded at 20 s intervals for 10 min 
at room temperature. Negative controls omitted pyruvate. Each sample and control was 
assayed at three dilutions. Reactions were linear with time and protein concentration. PPi 
concentration was determined from a standard curve in blank reactions lacking cell extract. 
NIR Spectroscopy 
Single kernel NIR and calculation of predicted kernel composition and density was 
performed as described previously (Gustin, et al., 2013, Gustin, et al., 2013, Spielbauer, et 
al., 2009). 
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MRI Imaging 
Single mature sibling kernels containing (Tx) or lacking (WT) the 27PDKRi #33 
transgene were assessed for changes in density by 1H NMR. Total proton spin density was 
measured in the axial plane through the intact maize grain as relative units distributed 
across the plane of NMR signal. MRI data was acquired on a 11.7 tesla AMX instrument 
(Bruker GmbH), with a custom-built birdcage coil and an adjusted NMR  3D radial 
sequence (TR 50 ms, 62778 spokes, 128 readout points, 16 averages, resolution 120 µm). 
Image processing was performed in MATLAB (The Mathworks). 
Total N and starch analyses 
Endosperm starch and total N was quantified as previously described (Huang, et 
al., 2014, Lin, et al., 2012). Starch was measured from individual endosperms. For N 
quantification three to five endosperms were pooled together for each biological replicate 
measurement. 
Amylopectin chain length distribution (CLD) 
Single endosperms were homogenized on ice in a mortar and pestle in 4 mL H2O, 
then starch in 1 mL samples of lysate was collected in 2 mL polypropylene tubes by 
centrifugation at 4000 rpm for 10 min at 4oC. The starch pellet was washed twice in ice 
cold 80% ethanol, centrifuging in the same conditions for 5 min to collect pellets. Starch 
was dissolved by boiling in 1 mL DMSO for 20 min, then quantified by enzymatic 
conversion to glucose and biochemical assay (Huang, et al., 2014, Lin, et al., 2012). For 
the debranching reaction, 1.5 mg of dissolved starch polymers were precipitated with 
5 volumes of ethanol at -20oC for 1 h or longer. Glucans were collected by centrifugation 
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at full speed in a microfuge at room temperature, then suspended in 0.5 mL 50 mM sodium 
acetate, pH 4.5 containing 0.05 U Pseudomonas isoamylase (Megazyme no. E-ISAMY) 
and incubated overnight at 50oC. The solution was then diluted with 1.5 mL H2O, filtered 
through a 0.2 µm syringe-tip filter, and 25 µL was applied to a high pressure ion exchange 
chromaography system with pulsed amperometric detection (HPAEC-PAD) that resolves 
and quantifies α(1→4)-linked (i.e., linear) glucan chains ranging from ~ 2-40 glucosyl 
units. Separation was on a Dionex CarboPac PA-100 4 x 250 mm column with a CarboPac 
PA-100 4 x 50 mm guard column at a flow rate of 1 mL/min. Elution was in 0.1 M NaOH 
for 4 min followed by a 40 min gradient of 0 - 0.4 M sodium acetate in 0.1 M NaOH. Peak 
areas for each degree of polymerization (DP) were normalized to the total peak area, and 
the normalized values for each DP were compared between samples. 
Amylose content 
 Starch was solubilized in DMSO as for CLD analysis, and 5 mg samples were 
precipitated with ethanol. Precipitated glucans were collected by centrifugation and 
suspended in 1.0 mL 10 mM NaOH, then applied to a low pressure 1.5 x 75 cm Sepharose 
CL-2B gel permeation column. Fractions were eluted in 10 mM NaOH, then assayed for 
glucan content (Huang, et al., 2014, Lin, et al., 2012) or mixed 4 volumes I2/KI solution 
(0.67% I2, 3.33% KI [w/v]) and analyzed for their absorption spectrum from 400-700 nm. 
Glucans in the amylose-containing fractions, identified by λmax values greater than 600 nm, 
were calculated as a percentage of the total eluted glucans to reveal the percent amylose in 
each sample. 
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Granule size determination 
 Starch granules prepared from single endosperms as for CLD analysis were washed 
in 80% ethanol then extensively washed further in H2O. Starch granules were dispersed in 
20 mL of IsoFlow Sheath Fluid (Beckman Coulter no. 8546859) then applied to a Multizer 
4 Coulter-Counter (Beckman Coulter) equipped with a 100 µm aperture tube. The 
instrument was set to record the size of 30,000 particles ranging from 3 to 60 µm in 
diameter, with linear diameter bin spacing. Frequency distributions for bin sizes from 5 to 
25 µm diameter were calculated, and the change in frequency for each bin size was 
compared between individual kernels from the same ear in the <B73/W64A> F1 hybrid 
background that either contained or lacked the transgene. This was applied to separate 
plants segregating for either 27PDKRi #1 or 27PDKRi #33. Each genotype was analyzed 
from two biological replicate kernels. 
Zein analysis 
Embryos were removed from mature kernels by grinding with a Dremel drill and 
the powder was used for DNA extraction and genotype determination. Remaining kernel 
tissues were pulverized with a hammer, then ground into powder with a mortar and pestle. 
Extraction buffer (250 µL) containing 70% ethanol, 61 mM sodium acetate, and 5% β-
mercaptoethanol was mixed with 25 mg powdered tissue in a 2 mL microcentrifuge tube. 
Samples were vortexed, rocked at room temperature for 1 h, then centrifuged for 10 min at 
13,000 rpm. Supernatant was applied for HPLC separation of extracted proteins by reverse 
phase chromatography (Wilson, 1991). Peaks were assigned by a combination of 
comparison to literature (Wilson, 1991), SDS-PAGE analysis of specific fractions, and 
analysis of mutant varieties with altered accumulation of specific zeins (Kirihara, et al., 
 79 
1988, Wu, et al., 2009). Zein and non-zein protein analysis by SDS-PAGE was according 
to Wu and Messing (Wu, et al., 2012), using TGX AnykD Gels (Biorad no. 456-9035). 
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Supplemental Figures 
 
Figure S2.1. pdk1 and pdk2 insertion mutations. (A) Gene maps. White boxes represent 5’ or 3’ untranslated 
regions, grey or black boxes represent coding regions, and solid lines represent introns.  The figure is drawn 
to scale except for the first intron of pdk1 and the Mu or Ds insertions. Dashed arrows indicate the two 
different transcription start sites in pdk1, the grey box represents the sequence that encodes a plastid transit 
peptide, and dotted lines show splice junctions of the pdk1 mRNA that contains the transit peptide codons. 
Solid arrows show the positions of PCR primers used for genotype determination. (B) PCR genotyping. 
Embryo genomic DNA from progeny of self-pollinated heterozygous plants was amplified with the indicated 
primer pair.  MW indicates molecular weight markers. 
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Figure S2.2 continued 
 
 
Figure S2.2. Germination. Kernels were germinated on moist filter paper for 4 d at 30oC, then photographed, 
then genotypes were determined by PCR.  The genotype of each germinating kernel is indicated.  (A) Seeds 
from a cross between plants heterozygous for pdk1-MuEx10.  (B) Seeds from a cross between plants 
heterozygous for pdk2-DsEx4. (C) Seeds from crosses between plant hemizygous for transgene 27PDKRi 
#1 or 27PDKRi #33 and standard.  “Tx” indicates presence of the transgene in the progeny kernel and “WT’ 
indicates wild type siblings. 
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Figure S2.3. RNAi Transgenes. (A) Transgene structure. “pdk1” indicates nucleotides 114-456 of the pdk1 
cDNA (Genbank accession J03901). Promoters and 5’ UTR sequences are described in the text.  “RGA2 
int2” indicates the second intron of the wheat RGA2 gene. “NOS ter” is the transcriptional terminator of the 
nopaline synthase gene from the Agrobacterium tumifacsens Ti plasmid. The figure is drawn to scale. (B) 
Genotype determination by PCR amplification. Seedling leaf genomic DNA from progeny of crosses 
between hemizygous plants was amplified with the indicated primer pairs shown in panel A. “WT” indicates 
the transgene is not present in the progeny plant, and “Tx” indicates presence of the transgene. “MW” 
indicates molecular weight standards. (C) Binary plasmid maps. Complete plasmids used to introduce 
27PDKRi or 22PDKRi into maize by Agrobacterium-mediated transformation are represented. “LB” and 
“RB” indicated the T-DNA left- and right border recombination sequences, respectively. “ZmUq” indicates 
the promoter of the maize gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces 
hygroscopicus gene that confers resistance to the herbicide bialophos. The translational enhancer from 
Tobacco Etch Virus and the transcriptional terminator of the soybean vspB gene are indicated. 
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PDK1   114 ATGGCGGCATCGGTTTCCAGGGCCATCTGCGTACAGAAGCCGGGCTCAAA    163 
 
PDK1   164 ATGCACCAGGGACAGGGAAGCGACCTCCTTCGCCCGCCGATCGGTCGCAG    213 
 
PDK1   214 CGCCGAGGCCCCCGCACGCCAAAGCCCGCCGGCGTCATCCGCTCCGACTC    263 
 
PDK1   264 CGGCGCGGGACGGGGCCACATTGCTCGCCGCTGAGGGCC-----GTCGTT    308 
                              ||.||.| |||||     ||     |.|||| 
PDK2    37 -------------------ATGGCGC-CCGCT-----CCATGTGGCCGTT     61 
 
PDK1   309 GACGCCGCGCCGATACAGACGACCAAAAAGAGGGTGTTCCACTTCGGCAA    358 
             ||.|||                    |||||||||||||||||||||| 
PDK2    62 --CGTCGC--------------------AGAGGGTGTTCCACTTCGGCAA     89 
 
PDK1   359 GGGCAAGAGCGAGGGCAACAAGACCATGAAGGAACTGCTGGGCGGCAAGG    408 
           |||||||||||||||||||||||.|||||||||.|||||||||||||||| 
PDK2    90 GGGCAAGAGCGAGGGCAACAAGAACATGAAGGAGCTGCTGGGCGGCAAGG    139 
 
PDK1   409 GCGCGAACCTGGCGGAGATGGCGAGCATCGGGCTGTCGGTGCCGCCAGGG    458 
           ||||||||||||||||||||||||||||||||||||||||||||||.||| 
PDK2   140 GCGCGAACCTGGCGGAGATGGCGAGCATCGGGCTGTCGGTGCCGCCGGGG    189 
 
PDK1   459 TTCACGGTGTCGACGGAGGCGTGCCAGCAGTACCAGGACGCCGGGTGCGC    508 
           ||||||||||||||||||||||||||||||||||||||.||||||.|||| 
PDK2   190 TTCACGGTGTCGACGGAGGCGTGCCAGCAGTACCAGGAGGCCGGGCGCGC    239 
 
PDK1   509 CCTCCCCGCGGGGCTCTGGGCCGAGATCGTCGACGGCCTGCAGTGGGTGG    558 
           ||||||..|||||||||||||.|||.||.||||||||||||.|||||||| 
PDK2   240 CCTCCCGCCGGGGCTCTGGGCGGAGGTCCTCGACGGCCTGCGGTGGGTGG    289 
 
PDK1   559 AGGAGTACATGGGCGCCACCCTGGGCGATCCGCAGCGCCCGCTCCTGCTC    608 
           |||||||||||||||||.||||.|||||.||||.|||||||||||||||| 
PDK2   290 AGGAGTACATGGGCGCCGCCCTCGGCGACCCGCGGCGCCCGCTCCTGCTC    339 
 
PDK1   609 TCCGTCCGCTCCGGCGCCGCCGTGTCCATGCCCGGCATGATGGACACGGT    658 
           ||||||||||||||||||||.||||||||||||||.|||||||||||||| 
PDK2   340 TCCGTCCGCTCCGGCGCCGCGGTGTCCATGCCCGGGATGATGGACACGGT    389 
 
PDK1   659 G 
           | 
PDK2   390 G 
Figure S2.4.  Alignment between the pdk1 and pdk2 cDNAs. The 546 bp sequence of the pdk1 cDNA 
(Genbank accession no. J03901) included in transgenes 22PDKRi and 27PDKRi is shown aligned with the 
corresponding region of the pdk2 cDNA (Genbank accession no. BT024083). Nucleotide numbers are 
according to the indicated Genbank accession numbers. 
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Figure S2.5. Endosperm vitreousness phenotype of PPDK knockout kernels in inbred genetic backgrounds. 
Parent plants hemizygous for the indicated transgene insertion event were crossed to standard. Kernels were 
sectioned transversely and imaged on a flatbed scanner. After imaging the genotype of each kernel was 
determined by PCR analysis of embryo DNA. The inbred background of each family is indicated. 
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Figure S2.6 continued 
 
 
Figure S2.6. TEM imaging of 20 DAP endosperm. Sibling endosperms from the same ear were harvested 20 
DAP. Embryos were used for PCR genotyping and endosperm was fixed. Following embedding, sections 
were collected sequentially extending from the aleurone towards the starchy endosperm interior, so that cell 
layers could be counted. (A) Composite image assembling serial sections from the exterior to the interior of 
the endosperm. Sibling kernels segregating for either of the two indicated transgenes were compared. Layer 
0 (not shown) is the aleurone and layer 1 is the subaleurone. Tx, transgene-containing segregants; WT, non-
transgenic segregants. (B) Protein body ultrastructure in sibling endosperms segregating for 27PDKRi #33. 
High-magnification images were collected at the indicated cell layers from sections identified shown as in 
panel A. Cell layers are numbered as in panel A. M, mitochondrion, ER, endoplasmic reticulum; S, starch 
granule.  
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Figure S2.7 continued 
 
 
 
Figure S2.7. Zein profiles. (A) Sibling endosperms segregating for control transgene 27GUS #5 in the B73 
inbred background. Numbers in parentheses indicate independent biological replicates. Alcohol-soluble 
endosperm proteins were separated by reverse phase HPLC.  The specific proteins indicated by numerals are 
the 16 kDa γ zein, 27 kDa γ zein, the 15 kDa β zein and the 18kDa α zein. Peak identification is described in 
SI Materials and Methods.  GUS expression in transgenic kernels was observed by enzyme activity staining 
(data not shown), confirming presence of an exogenous, active fl2 promoter. (B) Sibling endosperms 
segregating for 27PDKRi #33 in the W64A/B73 hybrid background. (C) Sibling endosperms segregating for 
27PDKRi #8 in the W64A/B73 hybrid background. (D) Sibling endosperms segregating for 27PDKRi #1 in 
the W64A/B73 hybrid background. (E) Magnification of zein profile.  Samples and labeling are the same as 
in panels A-D.  The 15 kDa and 18 kDa peaks resolve in the RNAi lines but not the 27GUS #5 line due to 
inbred background differences. 
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Figure S2.8. Zein and non-zein proteins. Single kernels on ears segregating for the indicated transgene were 
harvested at 20 DAP or maturity and genotyped from embryo DNA. Zein and non-zein protein fractions were 
extracted from the corresponding endosperms and analyzed by SDS-PAGE.  Protein loading was 
standardized based on tissue dry weight. “WT” indicates absence of the transgene and “Tx” indicates its 
presence. “M” indicates molecular weight markers. Red asterisks indicate the position of 27 kDa γ zein that 
is missing in 27PDKRi #1 transgenic endosperm but not other PPDK knockout endosperms. 
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Tables 
Table	2.1.	Kernel	phenotypes	conditioned	by	pdk1-MuEx10	or	pdk2-DsEx4	
*Heterozygous	plants	(pdk1-MuEx10/+	or	pdk2-DsEx4/+)	were	crossed	and	mature	kernels	from	the	
progeny	ear	were	analyzed	and	then	genotyped	by	PCR.	
†Values	are	predicted	from	NIR	spectra.		"DW"	indicates	dry	weight.	
	
	 	 	 	 	 Weight	(mg)		 Predicted	
Oil	(%	DW)†	
	 Predicted	
Protein	(%	
DW)†	
	 Predicted	
Density	(g/cm3)†	
	 Predicted	
Starch	(%	
DW)†	
Ear	 Locus	Genotype*	 n	 	 Ave.	 p	val.	 Ave.	 p	val.	 Ave.	 p	val.	 Ave.	 p	val.		 Ave.	 p	val.	
14-2062-2	 pdk1	 -/-	 13	 245	±	
29	
0.36	 2.73	±	
0.42	
0.53	 13.7	±	
0.63	
0.60	 1.43	±	
0.02	
0.63	 	 52.8	±	
2.0	
0.58	
	 	 +/+	 7	 257	±	
20	
	 	 2.60	±	
0.39	
	 	 13.9	±	
0.54	
	 	 1.44	±	
0.03	
	 	 53.3	±	
1.4	
	
14-2077-2	 pdk2	 -/-	 12	 192	±	
23	
0.29	 2.68	±	
0.37	
0.23	 10.3	±	
0.46	
0.03	 1.40	±	
0.05	
0.02	 	 60.5	±	
1.8	
0.92	
	 	 +/+	 8	 202	±	6	 	 	 2.94	±	
0.59	
	 	 10.9	±	
0.73	
	 	 1.35	±	
0.03	
	 	 60.6	±	
3.0	
	
14-2075-5	 pdk2	 -/-	 14	 210	±	4	 0.26	 3.10	±	
0.65	
0.88	 10.6	±	
0.48	
0.58	 1.45	±	
0.04	
0.003	 59.7	±	
1.6	
0.32	
	 	 +/+	 8	 213	±	6	 	 	 3.05	±	
0.65	
	 	 10.7	±	
0.43	
	 	 1.38	±	
0.04	
	 	 60.5	±	
2.4	
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Table	2.2.	PPDK	activity	in	20	DAP	endosperm	extracts	
*Hemizygous	plants	contain	the	transgene	in	one	chromosome	and	are	wild	type	at	that	position	in	the	
other	chromosome.	
†Plants	of	the	indicated	genotype	were	crossed	to	standard	and	progeny	kernels	were	harvested	20	DAP.	
Kernel	genotypes	were	determined	from	embryo	genomic	DNA	and	endosperms	were	extracted	for	enzyme	
assay.	Each	row	shows	data	 from	a	separate	ear.	Values	are	the	average	±	 standard	deviation	from	the	
indicated	number	of	biological	replicates	(n).	"WT"	indicates	progeny	kernels	lacking	the	transgene	and	"Tx"	
indicates	kernels	containing	the	element	
	
	 	 Specific	activity	(nmol/min/mg)†	
Parent	genotype*	 	 WT	(n)	 Tx	(n)	
27PDKRi	#33/+	 	 26.2	±	4.5	(4)	 Undetectable	(4)	
27PDKRi	#8/+	 	 26.4	±	5.1	(4)	 Undetectable	(2)	
27PDKRi	#1/+	 	 61.7	±	1.1	(2)	 Undetectable	(3)	
27PDKRi	#8/+	 	 53.3	±	14.2	(3)	 Undetectable	(3)	
22PDKRi	#11/+	 	 59.3	±	6.8	(3)	 Undetectable	(2)	
22PDKRi	#11/+	 	 59.7	±	11.3	(2)	 Undetectable	(3)	
22PDKRi	#29/+	 	 52.6	±	7.7	(3)	 Undetectable	(2)	
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Table	2.3.	Kernel	phenotypes	conditioned	by	PPDK	knockout	
*Hemizygous	plants	were	crossed	to	standard.	Mature	kernels	from	progeny	ears	were	analyzed	for	weight	and	NIR	spectrum,	then	genotyped	by	PCR.	"Tx"	indicates	presence	of	the	transgene	and	
"WT"	indicates	absence	of	the	transgene.	
†Values	are	predicted	from	NIR	spectra	(26,27).		"DW"	indicates	dry	weight	
	 	 	 	 	 	 Weight	(mg)	 	 Predicted	
Oil	(%	DW)†	
	 Predicted	
Protein	(%	DW)†	
	 Predicted	
Starch	(%	DW)†	
	 Predicted	
Density	(g/cm3)†	
Ear	 Transgene	 Background	 Genotype
*	
n	 	 Ave.	 p	val.		 Ave.	 p	val.	 	 Ave.	 p	val.	 	 Ave.	 p	val.	 	 Ave.	 p	val.	
14-1064	 27PDKRi	#1	 B73	 Tx	 21	 	214	±	17	 0.66	 	 3.13	±	0.42	 0.007	 	 12.1	±	0.52	 <10-5	 	 57.9	±	1.9	 <10-4	 	 1.20	±	0.04	 <10-5	
	 	 	 WT	 27	 	217	±	21	 	 	 2.78	±	0.42	 	 	 10.5	±	0.66	 	 	 60.2	±	1.6	 	 	 1.30	±	0.06	 	
15-2068	 27PDKRi	#1	 B73/W64A	 Tx	 25	 	246	±	19	 0.72	 	 2.76	±	0.44	 0.002	 	 11.9	±	0.93	 <10-5	 	 63.1	±	1.9	 0.002		 1.18	±	0.06	 <10-5	
	 	 	 WT	 23	 	248	±	18	 	 	 2.37	±	0.39	 	 	 10.3	±	0.63	 	 	 65.1	±	2.2	 	 	 1.30	±	0.04	 	
14-1048	 27PDKRi	#33	 W64A	 Tx	 29	 	282	±	25	 0.09	 	 3.49	±	0.54	 0.046	 	 13.1	±	0.80	 0.002		 56.4	±	2.1	 0.002		 1.42	±	0.06	 0.002	
	 	 	 WT	 19	 	270	±	24	 	 	 3.89	±	0.82	 	 	 12.4	±	0.50	 	 	 54.1	±	2.4	 	 	 1.48	±	0.06	 	
14-1030	 27PDKRi	#33	 B73/W64A	 Tx	 24	 	281	±	20	 0.48	 	 2.68	±	0.50	 0.15	 	 	9.6	±	0.54	 0.001		 61.0	±	2.6	 0.009		 1.27	±	0.08	 0.001	
	 	 	 WT	 24	 	285	±	17	 	 	 2.42	±	0.48	 	 	 	8.5	±	0.80	 	 	 63.1	±	2.5	 	 	 1.35	±	0.06	 	
15-2109	 27PDKRi	#33	 B73/W64A	 Tx	 21	 	328	±	18	 0.47	 	 1.96	±	0.41	 0.267	 	 14.7	±	0.59	 <10-5	 	 59.7	±	1.7	 0.96	 	 1.18	±	0.04	 <10-5	
	 	 	 WT	 27	 	323	±	22	 	 	 1.80	±	0.54	 	 	 12.9	±	1.05	 	 	 59.6	±	1.9	 	 	 1.36	±	0.08	 	
15-2022	 27PDKRi	#8	 B73/W64A	 Tx	 20	 	254	±	18	 0.23	 	 2.27	±	0.37	 0.001	 	 	14.0	±	0.60	 <10-5	 	 62.2	±	2.0	 0.45	 	 1.14	±	0.05	 <10-5	
	 	 	 WT	 28	 	261	±	20	 	 	 1.85	±	0.42	 	 	 	12.2	±	0.72	 	 	 62.7	±	2.5	 	 	 1.32	±	0.06	 	
15-2096	 27PDKRi	#8	 B73/W64A	 Tx	 24	 	234	±	13	 0.88	 	 3.09	±	0.50	 0.06	 	 	15.4	±	0.67	 <10-5	 	 56.4	±	2.8	 0.09	 	 1.17	±	0.07	 <10-5	
	 	 	 WT	 22	 	235	±	16	 	 	 2.78	±	0.56	 	 	 	13.4	±	0.83	 	 	 67.3	±	2.1	 	 	 1.35	±	0.07	 	
14-1051	 22PDKRi	#29	 B73/W64A	 Tx	 19	 	232	±	12	 0.91	 	 2.74	±	0.40	 <10-3	 	 10.2	±	0.54	 <10-5	 	 63.2	±	2.5	 0.192		 1.26	±	0.02	 <10-5	
	 	 	 WT	 29	 	232	±	15	 	 	 2.29	±	0.36	 	 	 	9.1	±	0.50	 	 	 64.1	±	2.0	 	 	 1.32	±	0.04	 	
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	 	 	 	 	 	 Weight	(mg)	 	 Predicted	
Oil	(%	DW)†	
	 Predicted	
Protein	(%	DW)†	
	 Predicted	
Starch	(%	DW)†	
	 Predicted	
Density	(g/cm3)†	
Ear	 Transgene	 Background	 Genotype
*	
n	 	 Ave.	 p	val.		 Ave.	 p	val.	 	 Ave.	 p	val.	 	 Ave.	 p	val.	 	 Ave.	 p	val.	
15-2144	 22PDKRi	#29	 B73/W64A	 Tx	 19	 	350	±	25	 0.17	 	 1.97	±	0.44	 0.03	 	 11.5	±	0.56	 <10-4	 	 63.0	±	2.1	 0.75	 	 1.28	±	0.07	 <10-5	
	 	 	 WT	 29	 	361	±	24	 	 	 1.66	±	0.47	 	 	 10.7	±	0.73	 	 	 63.1	±	2.0	 	 	 1.39	±	0.06	 	
15-2142	 22PDKRi	#11	 B73/W64A	 Tx	 24	 	236	±	16	 0.24	 	 2.93	±	0.37	 0.03	 	 	9.2	±	0.81	 0.09	 	 62.7	±	2.1	 0.59	 	 1.29	±	0.04	 <10-5	
	 	 	 WT	 24	 	246	±	19	 	 	 2.71	±	0.34	 	 	 	8.8	±	0.74	 	 	 63.0	±	2.0	 	 	 1.34	±	0.03	 	
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Table 2.3 continued 
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Table	2.4.	Co-segregation	of	RNAi	transgenes	with	the	opaque	phenotype		
*Plants	hemizygous	for	the	indicated	transgene	were	crossed	to	standard.	Kernels	of	the	
resultant	ears	were	scored	visually	for	the	opaque	or	normal	phenotype	and	then	their	
genotype	 was	 determined	 by	 PCR.	 "WT"	 indicates	 the	 transgene	 is	 absent	 from	 the	
progeny	kernel	and	"Tx"	indicates	presence	of	the	transgene.	
†p	values	are	calculated	from	chi-square	goodness-of-fit	tests	comparing	the	observed	
progeny	 classes	 to	 the	 expected	 values	 for	 independent	 assortment	 between	 the	
transgene	and	the	opaque	phenotype.	
	
Transgene	 Phenotype	 Genotype*	 No.	of	kernels	 p	value†	
27PDKRi	#1	 Normal	 WT	 33	 	
	 Normal	 Tx	 0	 	
	 Opaque	 WT	 2	 	
	 Opaque	 Tx	 32	 7.94	x	10-13	
27PDKRi	#8	 Normal	 WT	 47	 	
	 Normal	 Tx	 6	 	
	 Opaque	 WT	 3	 	
	 Opaque	 Tx	 40	 2.09	x	10-9	
27PDKRi	#33	 Normal	 WT	 42	 	
	 Normal	 Tx	 7	 	
	 Opaque	 WT	 8	 	
	 Opaque	 Tx	 42	 2.02	x	10-10	
22PDKRi	#29	 Normal	 WT	 33	 	
	 Normal	 Tx	 4	 	
	 Opaque	 WT	 2	 	
	 Opaque	 Tx	 21	 6.16	x	10-14	
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Table	2.5.	Starch	and	nitrogen	content	of	sibling	kernels	segregating	for	27PDKRi	#1	
*Hemizygous	plants	were	crossed	to	standard.	Mature	kernels	were	genotyped	from	embryo	DNA,	then
the	corresponding	endosperms	were	analyzed	for	total	N	or	starch	content.	"Tx"	indicates	presence	of	the
transgene	and	"WT"	indicates	absence	of	the	transgene.
†Each	 independent	 analysis	 of	 20	DAP	 endosperm	was	 a	 pool	 of	 four	 individuals,	 and	 each	 analysis	 of	
mature	endosperm	was	a	pool	of	three	individuals.	
‡Each	independent	analysis	was	from	a	single	individual.	
Total	N	 Starch	
Plant	 Stage	 Genotype*	 n†	 Ave.	(%)	 p	val.	 n‡	 Ave.	(mg/g	DW)	 p	val.	
14-1232-4	 20	DAP	 WT 5	 1.717	±	0.022	 0.33	
Tx	 5	 1.743	±	0.051	 	
14-1231-2	 20	DAP	 WT 4	 1.949	±	0.075	 0.83	 8	 577	±	30	 0.52	
Tx	 5	 1.938	±	0.073	 	 7	 591	±	53	
14-1064-6	 Mature	 WT 6	 1.340	±	0.080	 0.79	 8	 710	±	49	 0.61	
Tx	 6	 1.354	±	0.093	 	 7	 696	±	60	
 Table 2.6. Metabolites with significantly changed steady-state levels in PPDK knockout endosperm* 
*See Materials and Methods for description of the statistical analysis. Four biological replicate pools of transgenic endosperms and four pools of non-mutant sibling
endosperms were included. Two pools of each genotype were collected from each of two ears grown in 2014, detailed in Fig. 2.7. Assignment of significance
required p values of < 0.04 for fold change between transgenic and non-mutant endosperm, and a top 10% statistical ranking in both PCA and PLS-DA analyses
among 511 mass features in the negative ion set and 698 mass features in the positive ion set.
†Mass features without a specific designation are of unknown structure. 
‡Values are the average normalized ion counts for four transgenic endosperm pools divided by the average normalized ion count for four non-mutant endosperm 
pools. 
^Statistical ranks for PCA analysis are loading factors, and those for PLS-DA analysis are VIP scores. Numbers in parentheses indicate the rank for features with 
negative correlation to presence of the transgene. 
Negative ions Positive ions 
Fold change‡ Statistical rank^ Fold change‡ Statistical rank^ 
Feature Compound† m/z ratio Value p val. PCA PLS-DA  Feature Compound† m/z ratio Value p val. PCA PLS-
DA 
28 Glc-1-P 259.0227 1.81 0.000 1 3 156 308.0905 1.60 0.003 1 16 
213 Glutathione 306.0769 1.62 0.003 2 27 960 310.0872 1.58 0.002 2 13 
701 630.1137 1.77 0.003 3 25 1049 179.0482 1.66 0.004 4 23 
652 519.0528 2.63 0.000 4 1 1011 182.5284 1.48 0.002 5 18 
660 394.9550 1.39 0.004 5 23 130 129.0550 1.24 0.023 6 60 
245 2-oxoglutarate 145.0143 2.12 0.004 6 19 982 223.0306 1.31 0.002 7 8 
7 Hexose alcohol 181.0714 1.54 0.004 7 13 1409 133.0997 1.74 0.002 8 19 
713 304.0605 1.79 0.004 8 28 477 256.0814 5.10 0.000 9 4 
110 78.9581 1.47 0.003 9 10 549 83.0495 1.27 0.009 10 30 
615 306.0769 1.48 0.005 10 32 264 103.0394 1.35 0.006 11 15 
73 227.0768 1.51 0.005 11 18 311 148.0968 1.20 0.008 12 25 
152 AMP 346.0545 1.34 0.007 12 16 409 123.0557 1.19 0.023 13 47 
426 CMP 322.0446 1.16 0.028 14 48 99 276.1188 1.95 0.001 14 1 
273 346.0541 1.20 0.006 16 26 689 213.0163 1.15 0.024 17 51 
824 300.0481 1.38 0.002 17 1 1001 211.5233 1.27 0.005 19 11 
328 73.0286 1.66 0.018 20 33 400 332.5620 1.17 0.033 21 67 
116 356.9993 1.42 0.008 24 40 964 176.0919 1.52 0.000 22 2 
264 319.0246 1.59 0.002 26 9 314 158.0812 1.17 0.009 23 26 
101 Rib-5-P 229.0119 1.42 0.001 28 2 148 AMP 370.0513 1.33 0.007 24 21 
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Negative ions Positive ions 
Fold change‡ Statistical rank^ Fold change‡ Statistical rank^ 
Feature Compound† m/z ratio Value p val. PCA PLS-DA  Feature Compound† m/z ratio Value p val. PCA PLS-
DA 
35 101.0239 1.58 0.024 29 37 109 146.0816 1.51 0.005 25 9 
31 UMP 323.0280 1.14 0.021 30 45 239 Pantothenic 
acid 
242.0993 1.34 0.020 26 46 
163 218.1036 1.39 0.018 32 49 125 UMP 325.0427 1.13 0.026 28 56 
776 DHAP 168.9906 5.63 0.013 33 29 253 164.0917 1.73 0.004 31 6 
241 688.1719 1.20 0.005 35 17 336 186.0765 1.24 0.025 32 39 
873 224.0535 1.33 0.011 36 39 1363 270.0148 1.85 0.024 33 69 
421 174.0553 1.26 0.002 38 11 1311 146.0925 1.38 0.015 34 35 
227 Inosine 267.0721 1.14 0.019 39 41 372 209.0520 1.22 0.001 37 3 
12 Gluconic acid 195.0509 1.13 0.019 42 47 262 131.0340 1.51 0.003 39 5 
266 486.1476 2.73 0.028 43 34 590 247.1285 1.66 0.008 43 12 
33 Gln 145.0615 1.35 0.005 44 14 1310 302.3055 2.80 0.034 46 31 
41 176.9353 0.72 0.009 505 (7) 36 1051 146.1176 1.40 0.023 50 42 
540 216.9277 0.47 0.004 506 (6) 42 6 130.0501 1.30 0.003 51 10 
19 194.9462 0.68 0.005 507 (5) 24 653 229.5649 1.25 0.016 56 33 
4 Asp 132.0299 0.70 0.026 508 (4) 50 604 229.0857 1.33 0.012 57 28 
123 232.9018 0.71 0.001 509 (3) 8 24 Aspartate 134.0449 0.52 0.004 688 (11) 29 
648 289.0833 0.31 0.003 510 (2) 4 135 116.0345 0.58 0.009 689 (10) 41 
815 330.8784 0.49 0.002 511 (1) 5 932 105.0424 0.52 0.034 691 (8) 59 
954 157.0839 0.61 0.005 692 (7) 27 
248 200.0445 0.87 0.032 694 (5) 70 
1239 291.0978 0.28 0.011 695 (4) 7 
668 157.0474 0.77 0.026 696 (3) 45 
290 362.0961 0.95 0.018 697 (2) 38 
432 233.0331 0.97 0.028 698 (1) 54 
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Table 2.6 continued
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Table S2.7. Oligonucleotide primers 
Target Gene Name Sequence (5' → 3') 
pdk1 pdk1muR3 CCGTTATGGAAACCCACAGT 
 pdk1muF1 CGTGGGAGCCATAATCATCT 
 9242 AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC 
pdk2 pdk2glf2 AAACGACTTTAACAGTTCCATTACC 
 pdk2glr2 ATCCTCGCCCTGAATATATAGTAG 
 JSR_05 CGTCCCGCAAGTTAAATATGA 
 PDKintFor ACCGGAGAGAAGAAGCTGTA 
 JSR_01 GTTCGAAATCGATCGGGATA 
 pdk2IntF GCAGTTGACATGCATTGATACC 
22PDKRi or 27PDKRi PDKi-F1 TCAAAATGCACCAGGGACAG 
 PDK-RNAiR1 AGCTTCCGAGTCCTGAAAAAG 
22PDKRi PDK1-F1 CCCTCTTTTTGGTCGTCTGT 
 Z22F CAGAAGGCCATGCACATAAAGATGTATC 
27PDKRi 27Z60 AAACTGAGCCACGCAGAAGTAC 
 PDK1R59 CTCTTTTTGGTCGTCTGTATCGGC 
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CHAPTER 3. MAIZE PYRUVATE PHOSPHATE DIKINASE TEMPERATURE 
INDUCED INACTIVATION AND AMP INDUCED STABILITY 
Manuscript in preparation for submission to Archives of Biochemistry and Biophysics 
Abstract 
Maize is one of the most produced crops in the world, impacting the nutrition, fuel, 
and economy of the world through its endosperm storage compounds. The generation, 
allocation, and deposition of which are controlled by metabolic enzymes regulated by 
numerous factors including temperature. Prolonged exposure to elevated temperature 
during grain fill alters endosperm metabolism, resulting in reduced storage compound 
deposition. Improving endosperm metabolism in unfavorable growth conditions requires 
identification and characterization of enzymes influenced by this phenomenon to provide 
targets for crop improvement. This in vitro study investigated the influence of temperature 
on the activity of pyruvate phosphate dikinase (PPDK), a highly abundant enzyme in maize 
endosperm that modulates cellular energy and glycolytic intermediates, effecting storage 
compound organization. Temperature susceptibility of maize PPDK1 and PPDK2 were 
assessed by activity assay immediately following pre-incubation with varied temperature, 
time, and substrate conditions. Both forms displayed similar responses to conditions 
examined with full activity up to 35°C, a 25% reduction at 40°C, and complete loss of 
activity with exposure to 45°C in as little as 5 min. Temperature induced reduction or loss 
of activity was subverted by addition of AMP to pre-incubations, with a calculated 50% 
protection at 45°C occurring with 140 µM AMP. Temperature sensitivity and AMP 
induced stability of PPDK was corroborated by differential scanning calorimetry, 
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demonstrating a Tm increase of 8°C in the presence of AMP. These enzymes were also 
used toward protein-protein interaction experiments to investigate potential interactions 
between PPDK1 and PPDK2, demonstrating formation of heteromultimers is possible 
when they are colocalized.  
Introduction 
The enzyme pyruvate phosphate dikinase (PPDK, EC 2.7.9.1) is widely distributed 
in eubacteria and is present in some eukaryotes including green plants (Chastain, et al., 
2011). PPDK reversibly catalyzes formation of pyruvate, ATP, and orthophosphate (Pi) 
from phosphoenolpyruvate (PEP), AMP, and pyrophosphate (PPi) (Alhasawi, et al., 2016, 
Clement, et al., 2016, Gonzalez-Marcano, et al., 2016, Hatch, et al., 1968). Classical 
enzymology studies of PPDK provided detailed information about substrate binding and 
mechanism (Carroll, et al., 1990, Chastain, et al., 2000, Jenkins, et al., 1985). Structural 
analyses indicate that PPDK is active as a dimer or tetramer, dependent on the species of 
origin (Herzberg, et al., 1996, Sugiyama, 1973). The reversible nature of the reaction, and 
its potential effects on adenosine nucleotide pools, allows PPDK to provide diverse 
functions in varied species and tissues. This study addressed PPDK function in maize 
endosperm, where its function appears to be modulating energy charge and glycolysis, 
impacting storage compound organization (Chapter 2). 
The unusually wide variety of PPDK physiological roles makes it atypical 
compared to most metabolic enzymes. In plants, for example, PPDK functions in 1) 
gluconeogenesis, using pyruvate derived specifically from amino acid breakdown during 
seed germination (Eastmond, et al., 2015), 2) synthesis of amino group carriers from 
pyruvate during leaf senescence (Taylor, et al., 2010), 3) generation of PEP for shikimate 
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pathway reactions in senescent leaf (Janacek, et al., 2009), and 4) C4 photosynthesis where 
it is well characterized owing to its essential role in regenerating PEP, the primary 
carboxylate acceptor in that pathway (Hatch, et al., 1968)(Chapter 2). The aforementioned 
reactions are in the PEP forming direction. In contrast, in anaerobic or amitochondrial 
microorganisms, PPDK functions in the pyruvate forming direction as a glycolytic enzyme 
(Feng, et al., 2008, Reeves, 1968, Slamovits, et al., 2006, Wood, et al., 1977). The 
advantage of PPDK functioning glycolytically, is higher yield of ATP per glucose 
compared to the classical pathway using pyruvate kinase (Feng, et al., 2008, Mertens, 
1993). 
Additional functions of PPDK remain undetermined, such as its role in hypoxic 
tissues of plants. A function for PPDK in these environments is implicated due to elevated 
gene expression in rice roots exposed to flooding (Moons, et al., 1998). Similarly, PPDK 
function in developing maize starchy endosperm cells (SE), potentially relating to hypoxia 
as the steady state O2 level in SE is essentially zero (Rolletschek, et al., 2005). PPDK is 
highly expressed in SE beginning at ~12 days after pollination (DAP), accumulating to a 
maximum at ~20 DAP, and remaining highly expressed thereafter (Davidson, et al., 2011, 
Mechin, et al., 2007, Walley, et al., 2016). This accumulation pattern is highly similar to 
enzymes involved in grain fill metabolism, implicating PPDK as a component of this 
overall anabolic process. In quantitative terms, there is as much or more PPDK protein or 
transcript present as there is for sucrose synthase (SuSy) or ADP-glucose 
pyrophosphorylase (AGPase), which are the most abundant enzymes of starch biosynthesis 
(Davidson, et al., 2011, Walley, et al., 2016). PPDK, therefore, may have important 
functions in the unique metabolic conditions of SE in which high anabolic demand for ATP 
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occurs in the absence of oxygen, in a presumably glycolytic mode of metabolism. Its 
precise role(s), however, remains to be determined. Further questions about PPDK function 
in maize endosperm are raised by its physical interaction with starch biosynthetic enzymes 
(Hennen-Bierwagen, et al., 2009) and by the fact that its expression is regulated by o2, the 
transcription factor regulating expression of the major storage proteins as well as starch 
synthase III (Zhang, et al., 2016). 
Transgenic PPDK RNAi knockout endosperm exhibit the classical opaque 
phenotype that involves disorganized storage compound organization in mature grain 
(Chapter 2). Metabolic analyses revealed elevated steady state levels of six glycolytic 
intermediates including PEP, as well as reduced energy charge, i.e., ATP to AMP + ADP 
ratios (Chapter 2). Thus, PPDK activity in maize endosperm appears to be largely in the 
glycolytic direction, utilizing PEP, AMP, and PPi to produce pyruvate, ATP, and Pi. 
Reduced energy charge may play a significant role in regulation of metabolism, as 
numerous metabolic enzymes use adenylate compounds as regulators and this in turn may 
lead to the storage compound changes reflected in the opaque phenotype. Kernel weight 
and storage compound abundance was unchanged in PPDK knockout individuals, 
however, so its glycolytic production of ATP is not limiting to the extent of altering 
anabolic metabolism in the seed. 
Known information about PPDK in maize endosperm is consistent with the 
hypothesis that its enzyme activity mediates adjustments in central metabolic fluxes in 
response to signals yet to be determined, e.g., accelerating or decelerating glycolysis. This 
study addressed the proposal that external temperature is a signal that can alter endosperm 
metabolism through PPDK activity. High temperature growth conditions during grain fill 
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results in reduced storage compound deposition (Singletary, et al., 1994, Wilhelm, et al., 
1999), indicating altered central metabolism in that condition. PPDK was implicated in this 
phenomenon in a controlled environment study that identified enzymes with reduced 
activity in total soluble endosperm extracts in kernels grown long term in high temperature. 
Of 19 enzymes tested, PPDK along with AGPase, displayed severely reduced total activity 
in the high temperature grown kernels (Boehlein, personal communication). 
This study utilized recombinant maize PPDK to test whether the enzyme is directly 
sensitive to high temperature exposure. Plant PPDK typically is encoded by two closely 
related genes, which in maize are designated pdk1 (GRMZM2G306345) and pdk2 
(GRMZM2G097457). pdk1 and pdk2 mRNAs accumulate at comparable levels, both 
highly abundant in the general population (Davidson, et al., 2011), although proteomic and 
genetic data indicates 85-95% of total endosperm PPDK is from pdk2 (Walley, et al., 2013) 
(Chapter 2). 
In this study, the protein products PPDK1 and PPDK2 were separately expressed 
in E. coli and purified. Enzymatic properties were essentially identical between the two 
gene products. Both enzymes were exquisitely sensitive to elevated temperature incubation 
with complete, irreversible inactivation within 5 min at 45°C. One substrate among the six 
utilized by PPDK protected the enzymes from temperature inactivation, specifically AMP. 
The subversion of inactivation by AMP suggests specific structural changes within the 
molecular architecture of PPDK are responsible for stabilization and retention of activity. 
This stabilizing effect was verified by DSC experimentation, as the onset of structural 
alteration occurring at 45°C is shifted by approximately 8°C in the presence of AMP. The 
data are consistent with the proposal that PPDK activity mediates response to high 
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temperature, through its function to adjust PEP and ATP/AMP levels, while also being 
influenced by AMP. The recombinant system was used further to demonstrate that PPDK1 
and PPDK2 interact physically to form a heteromultimeric complex. 
Results 
Recombinant maize PPDK expression 
Two different tagged versions of PPDK1 and PPDK2 were generated, one 
containing the S-tag (Raines, et al., 2000) sequence at the N terminus (NS-PPDK1 and NS-
PPDK2, respectively) and the other containing a 6X-His tag at the C terminus (PPDK1-
CH and PPDK2-CH, respectively). The expressed region of PPDK2 comprised 872 
residues spanning codons 12-883 predicted by the B73 genomic sequence (gene model 
GRMZM2G097457_T02). After constructing the expression plasmids in the pET-29 
plasmid backbone (EMD Millipore no. 69872), complete nucleotide sequence of the pdk2 
cDNA insert was determined. The coding region in the expression plasmids matched the 
B73 sequence with the exception of four codons, specifically Asn 196 to Asp, Lys 313 to 
Gln, Glu 317 to Asp, and Ala 703 to Gly. 
The PPDK1 reference sequence was compiled from the full-length cDNA 
(Genbank accession no. BT054438) considering the start location of the alternative 
transcript that encodes the cytosolic form of PPDK1 (Sheen, 1991). The expressed region 
of PPDK1 comprised 872 residues spanning codons 100-971 of the reference sequence. 
Sequence analysis showed the PPDK1 coding sequence fused to the 6X-His tag to be 
identical to the published cDNA with the exception of one polymorphism, Phe 914 to Leu. 
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The PPDK1 coding sequence fused to the S-tag contained thee polymorphic codons 
relative to the reference sequence, specifically Ala 484 to Val, Gly 909 to Cys, and Phe 
914 to Leu. 
After induction, all four recombinant PPDK proteins accumulated at high levels in 
total E. coli extracts (Fig. 3.1A) with distribution primarily into the soluble phase (data not 
shown). Purification from the soluble phase, using Ni-NTA-agarose beads for PPDK1-CH 
and PPDK2-CH or S-protein-agarose for NS-PPDK1 and NS-PPDK2, yielded essentially 
pure recombinant protein (Fig. 3.1B). 
 
Enzymatic characterization of recombinant PPDK 
Enzymatic activity assays in the pyruvate-forming direction demonstrated PPDK1-
CH and PPDK2-CH have similar catalytic properties to those reported for endogenous 
PPDK or previous recombinant forms of the enzyme. Optimal pH was between 6.5 - 7.0 
 
 
Figure 3.1. Recombinant PPDK expression and purification. (A) Expression of recombinant PPDK-CH 
and NS-PPDK. Total soluble E. coli extracts from cells without induction of the T7 promoter (-IPTG) or 
with induction (+IPTG), were separated by SDS-PAGE and stained with Coomassie Blue. (B) Purified 
recombinant PPDK. Total soluble extract from E. coli induced to produce the indicated recombinant 
PPDK was purified by affinity chromatography. PPDK1-CH and PPDK2-CH contain a C terminal 6X 
His-tag for purification with Ni-NTA matrix, and NS-PPDK1 and NS-PPDK2S contain a N terminal S-
tag for purification on S-protein agarose. Following binding and washes the eluted PPDK1-CH and 
PPDK2-CH, or S-protein agarose bound NS-PPDK1 and NS-PPDK2, were separated by SDS-PAGE and 
stained with Coomassie Blue. 
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(Fig. 3.2A) in agreement with previous reports for the native maize enzyme and PPDK 
from other species (Jenkins, et al., 1985, Milner, et al., 1975). Specific activity using  
freshly isolated recombinant enzyme was approximately 3 - 4 µmols/min/mg, again in 
agreement with the range reported for native enzyme and other recombinant forms 
(Chastain, et al., 2011, Chastain, et al., 1997, Jenkins, et al., 1985, Sugiyama, 1977). 
Specific activity decreased gradually over 1 - 3 days storage at room temperature, to a 
minimum of approximately 1.0 µmol/min/mg. Kinetic analyses of both PPDK1 and 
PPDK2 determined the Km for AMP to be approximately 2.3 µM for each enzyme (Fig. 
3.2 B,C), in agreement with previously reported values of 1 - 4 µM for PPDK from other 
sources (Chastain, et al., 2000, Jenkins, et al., 1985, Sugiyama, 1973). These data indicate 
the 6X-His tag at the C terminus does not affect PPDK enzyme function, and the 
recombinant forms used here exhibit similar properties compared to the native or 
previously reported recombinant enzymes. 
Heat inactivation of PPDK 
PPDK1-CH and PPDK2-CH were examined for heat effects on activity by 
enzymatic assay following pre-incubation at various temperatures. Activity in the 
pyruvate-forming direction was measured continuously at room temperature, starting 
directly after a pre-incubation period (Fig. 3.3A). PPDK1-CH and PPDK2-CH exhibited 
similar initial velocities after pre-incubation at room temperature, 30 oC, or 35 oC, for up to 
30 min. Activity of both enzymes following pre-incubation at 40oC was reduced by 
approximately 25% compared to enzyme pre-incubated at room temperature for the same   
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Figure 3.2. Kinetic properties of recombinant PPDK. (A) PPDK assay pH conditions. Purified 
recombinant PPDK1-CH and PPDK2-CH were assayed in triplicate to determine optimal experimental 
pH as described in Materials and Methods. (B) Michaelis-Menten curves of PPDK1-CH and PPDK2-CH 
for velocity with respect to AMP concentration. Activity assays containing varied concentrations of AMP 
from 0.16 µM - 0.5 mM, were initiated by addition of 50 ng of PPDK1-CH or PPDK2-CH. Activity was 
observed continuously over a 5 min interval in triplicate for each AMP concentration with standard 
deviations as shown. C, Double reciprocal plots for PPDK1-CH and PPDK2-CH. Data plotted in panel B 
was used to construct double reciprocal plots to determine the Km of AMP for both enzymes to be 
approximately 2.3 µM.  
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Figure 3.3. Influence of heat on PPDK activity. Purified PPDK1-CH or PPDK2-CH were pre-incubated 
at varied temperature and time conditions from 30 – 45ºC for 5 - 30 min, immediately followed by enzyme 
assay. Pre-incubations contained no substrate or 9 mM individual pyruvate forming substrates as 
indicated to the right of graphs. The 0-time point represents specific activity of room temperature samples 
prior to pre-incubation. Each data point represents the average specific activity of samples performed in 
duplicate with standard deviations indicated. 
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amount of time. Reduced activity following incubation at 40 oC was observed in as little as 
5 min, with no additional decline over 25 min further pre-incubation. Both forms of PPDK 
were completely inactivated within 5 min at 45oC (Fig. 3.3A). 
Reversibility of this inactivation was tested by additional pre-incubation at 30 oC 
following an inactivating high temperature treatment. PPDK1-CH and PPDK2-CH were 
first inactivated by 45 oC treatment for 20 min, then incubating at 30 oC for up to 80 min 
prior to assay at room temperature. No recovery of enzyme activity was observed (data not 
shown). Thus, inactivation at 45 oC is irreversible. 
Substrate effects on heat inactivation of PPDK 
Effects of substrate on PPDK1-CH and PPDK2-CH inactivation were evaluated by 
including specific compounds in the pre-incubation mixtures. In these assays PPDK 
activity was abolished within 5 min at 45 oC if no substrates were present (Fig. 3.3A). Pre-
incubation with 9 mM PPi or PEP had little effect on inactivation of either PPDK form at 
45 oC (Fig. 3.3B,C). In contrast, including 9 mM AMP during the 45 oC or 40 oC pre-
treatments completely protected PPDK activity from inactivation (Fig. 3.3D). AMP 
protected from partial inactivation at 40 oC or full inactivation at 45 oC when present in 
combination with either PEP or PPi as well, whereas PEP and PPi together in the pre-
incubation mixture did not affect loss of enzyme activity (data not shown). 
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Inclusion of substrates for the PEP forming reaction in pre-incubations, namely 
ATP, Pi, and pyruvate, were also tested individually for the protective effect. None of those 
substrates at 9 mM concentration conferred stability to PPDK1-CH or PPDK2-CH activity 
during pre-treatment at 45 oC for 15 min (Fig. 3.4). Thus, AMP is unique among the six 
substrates of PPDK with regard to stabilizing the enzyme from inactivation when it is 
treated at 45 oC prior to assay. 
The concentration of AMP necessary for protection against inactivation at 45 oC 
was then determined. Each enzyme was pre-incubated at 45 oC with AMP ranging in 
concentration from 45 - 9000 µM for 15 minutes, then assayed continuously at room 
temperature. Partial protection was evident at AMP concentrations above approximately 
45 µM with full protection observed at approximately 1 mM (Fig. 3.5A). Activity assay 
data from these experiments was normalized by percentage of activity relative to 9 mM 
AMP pre-incubated enzyme. The data fit a Michaelis-Menten curve and was used to 
construct a double reciprocal plot to determine the concentration of AMP required for 50% 
protection to be approximately 140 µM (Fig. 3.5B).  
Figure 3.4. Pre-incubation of PPDK with PEP forming substrates. Purified PPDK1-CH or PPDK2-CH 
were pre-incubated at 45ºC for 15 min, immediately followed by enzyme assay. Pre-incubations 
contained 9 mM individual PEP forming substrates as indicated in the right panel. Each data point 
represents the average specific activity of samples performed in duplicate with standard deviations 
indicated. 
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Structural transitions associated with heat inactivation 
Differential scanning calorimetry (DSC) was used as a means of detecting structural 
changes in PPDK that could correlate with temperature inactivation. Purified recombinant 
enzymes were subjected to temperature increase from 20 - 80 oC while monitoring energy 
absorption. In absence of substrate, both enzymes displayed two distinct domain unfolding  
 
 
Figure 3.5. Influence of AMP concentration on PPDK activity. Purified PPDK1-CH or PPDK2-CH were 
pre-incubated at 45°C for 15 minutes with varied concentrations of AMP from 45 µM - 9 mM and 
immediately assayed for activity following. (A) Michaelis-Menten style graph of PPDK1-CH and 
PPDK2-CH activities following pre-incubations containing varied concentrations of AMP. Graphs 
plotted as percentage of activity relative to the 9 mM AMP containing samples shown to maintain full 
activity. Each data point represents the average of samples evaluated in duplicate to quadruplicate. (B) 
Double reciprocal graph of percent activity following pre-incubation at varied AMP concentrations 
shown in panel A. This plot was used for linear regression analysis to obtain a slope fit to the data. Slope 
= Km/Vmax, Vmax is 100 as the rates of activity are normalized to percentage. The calculated Km from 
these graphs is the approximate AMP concentration required to confer 50% activity. 
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events with midpoint temperatures of 48.8 oC and 55.5 oC for PPDK1-CH, and 48.2 oC and 
54.7oC for PPDK2-CH (Fig. 3.6). The onset temperature for the first structural transition 
was approximately 45°C in both instances, closely approximating the inactivation 
temperature for enzyme activity. 
In the presence of 9 mM AMP, PPDK1-CH and PPDK2-CH displayed a single 
large unfolding event with a Tm of 56.3 oC or 56.6 oC, respectively (Fig. 3.6). Thus, the 
lower temperature structural transition that coincides with activity loss does not occur if 
AMP is present. The higher temperature structural transition is not affected by AMP. 
Reversibility of the structural changes was tested by increasing temperature to 80°C 
during the DSC analysis, then ramping the temperature back down to 20°C. Energy release 
indicative of refolding was not detected (data not shown). This reveals that the high 
temperature structural transition occurring at the ~56°C midpoint is irreversible. The data 
do not reveal whether or not the lower temperature structural transition is reversible 
because such refolding may require the region affected at the higher temperature to be 
intact. 
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Interactions of PPDK1 and PPDK2 
The multimeric nature and high sequence homology of PPDK1 and PPDK2 raises 
questions of potential physical interactions between the two forms in heteromeric 
complexes. Affinity chromatography tested directly whether such interactions occur in 
vitro. Purified PPDK1-CH or PPDK2-CH was used as a mobile phase binding partner 
against immobilized NS-PPDK1 or NS-PPDK2 attached to S-protein agarose through the 
S-protein, as the solid phase. Following application of the mobile phase protein, the S-
protein agarose was thoroughly washed, followed by step washes of increasing NaCl 
 
Figure 3.6. PPDK stability in absence or presence of AMP. Purified PPDK1-CH or PPDK2-CH at a 
concentration of 0.3 mg/mL were evaluated by DSC from 20 - 80ºC in the absence or presence of 9 mM 
AMP. Corrected baseline DSC data for PPDK1-CH and PPDK2-CH in the absence or presence of 9 mM 
AMP as indicated. Each trace represents a single sample DSC. In absence of AMP the enzyme was 
modeled using a two gaussian peak model, one per unfolding event observed. In the presence of AMP 
the single peak was modeled using two gaussian peaks as well due to the apparent shift to a single 
unfolding event. Models used to determine Tm values are shown as dashed lines.  
122 
concentration from 0.2 - 1.0 M in the same buffer. Collected fractions were concentrated 
and probed by immunoblot detecting either PPDK epitopes with αPPDK antiserum, or the 
6X-His tag at the C terminus of the mobile phase proteins with anti-His antibodies. 
Additionally, the S-protein agarose following the final 1 M NaCl wash was boiled, and the 
proteins released were analyzed by the same immunoblot procedure. S-protein agarose 
without any attached protein was used in a control experiment that demonstrated neither 
PPDK1-CH or PPDK2-CH binds to the empty matrix (Fig. 3.7A). 
The results indicated homomeric interaction between multiple copies of either 
PPDK1-CH or PPDK2-CH, and also formation of heteromultimers. When NS-PPDK2 was 
immobilized and PPDK2-CH was applied, a portion of the mobile protein was retained on 
the column as shown by reaction with anti-His antibody when the S-agarose beads were 
boiled and the released proteins were probed by immunoblot (Fig. 3.7B). The affinity 
between PPDK2-CH and NS-PPDK2 is high enough to resist disassembly when the 
column was washed in NaCl solution up to 1 M concentration. These results confirm that 
PPDK2 forms a homomultimeric interaction. Similar results were observed when NS-
PPDK2 was the solid phase and PPDK1-CH was the mobile phase, thus indicating direct 
interaction is possible between the two forms in a heteromultimeric assembly. Analogous 
results were obtained when NS-PPDK1 was the solid phase, indicating PPDK1 forms 
homomultimers and again revealing the heteromultimeric interaction (Fig. 3.7B). 
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Figure 3.7. Protein-protein interactions between PPDK1 and PPDK2. (A) PPDK protein-protein 
interaction control. PPDK1-CH or PPDK2-CH were applied to S-protein agarose as described in Material 
and Methods. Matrix was washed with PPDK buffer A, followed by a wash containing 1 M NaCl. 
Fractions were collected for each step and probed by immunoblot for the presence of PPDK. (B) Protein-
Protein interactions of PPDK1 and PPDK2. PPDK1-CH or PPDK2-CH were applied to the indicated S-
protein agarose bound NS-PPDK1 or NS-PPDK2. Subsequently, S-protein agarose matrix was washed 
with PPDK buffer A and buffer containing increasing concentrations of NaCl from 0.2 – 1 M. Fractions 
were collected, concentrated, and probed by immunoblot for the presence of total PPDK and His-tag 
containing PPDK. (FT) Flow through of indicated PPDK-CH applied to the indicated S-agarose bound 
NS-PPDK, (Wash) PPDK buffer A wash fraction following application of indicated PPDK-CH, NaCl 
indicates PPDK buffer A washes containing the indicated concentration of NaCl, S-agarose indicates S-
protein agarose matrix following all washes. 
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Discussion 
Activity and thermostability similarities of PPDK1 and PPDK2 
Enzymes that participate in metabolic processes respond to a multitude of 
regulatory factors such as cellular energy state, and substrate and product availability. One 
such regulatory factor in cereal endosperm is elevated temperature, as prolonged exposure 
during the grain fill period alters metabolism and significantly reduces storage compound 
deposition. Identification and characterization of enzymes that participate in this 
phenomenon provides targets with the potential to influence storage compound abundance 
and quality in adverse growing conditions. One such target identified is PPDK in maize 
endosperm, which has been shown to function predominantly in the pyruvate forming 
direction as an accessory enzyme not required for glycolysis (Chapter 2). PPDK activity 
appears to modulate glycolysis through its effect on glycolytic and adenylate energy 
compound steady state concentrations, thus influencing metabolic fluxes in developing 
endosperm. Factors that influence or regulate PPDK activity in this role have yet to be 
determined.  
The current study demonstrates maize PPDK1 and PPDK2 are nearly identical in 
regard to specific activity (3 – 4 µmols/min/mg), AMP Km (2.4 µM), and temperature 
stability at a gross level of interrogation. Similarities between the two PPDK forms in 
regard to these properties is not surprising due to their high homology, suggesting a priori 
either form has the ability to compensate for the other if it were similarly localized. This 
suggestion is supported by genetic evidence showing either pdk1 or pdk2 functions in 
endosperm to support normal development (Chapter 2). In leaf, however, pdk2 cannot 
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provide the necessary functions for C4 metabolism, as expected from the different cell type 
expression patterns and steady-state mRNA levels produced from each gene (Chapter 2). 
This report demonstrates complete sensitivity of both PPDK1 and PPDK2 to brief 
incubation at 45 oC, which potentially correlates with the fact that net photosynthesis in 
maize leaves decreases substantially at that temperature (Crafts-Brandner, et al., 2002). 
The combined results show loss of PPDK activity at 45ºC coinciding with the onset of a 
specific structural change in absence of AMP. Enzymes in general increase activity as 
temperature elevates as the result of increased kinetic energy of the reactants and enzyme, 
with loss of activity prior to inactivating structural changes (Peterson, et al., 2007). This 
indicates PPDK is not generally denatured at 45ºC, but temperature inactivation arises from 
specific structural changes that are precluded by AMP. The data are consistent with the 
proposal that PPDK responds to elevated temperature in a programmed manner, and in 
turn, along with ribulose-1,5-bisphosphate carboxylase, may be causative regarding 
reduced photosynthetic capacity in the C4 plant exposed to such conditions. 
Previous reports using native maize leaf enzyme were equivocal regarding PPDK 
temperature sensitivity, demonstrating near complete loss of activity after 10 min at 50oC 
(Shirahashi, et al., 1978), consistent with the current study. Another report, however, 
showed PPDK activity to be unaffected by exposure to 45 oC (Crafts-Brandner, et al., 
2002). Such variability may be explained by the extraction or storage conditions of the 
enzyme, specifically whether there is sufficient AMP present to protect from thermal 
inactivation.  
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AMP mediated thermostability of PPDK 
The presence of AMP protected PPDK from temperature induced inactivation, as 
inclusion of relatively high concentrations of AMP in pre-incubations resulted in retention 
of full activity for all tested time and temperature conditions. This effect was corroborated 
by DSC experiments showing the presence of AMP stabilized PPDK, shifting the initial 
structural change event Tm by approximately 8ºC. The retained activity of PPDK at 45oC 
decreased as AMP concentrations were reduced below approximately 1 mM, with a 
calculated 50% retention of activity in the presence of 140 µM AMP. This finding may 
explain previous reports of PPDK activity to be unaffected at 45oC when extracted from 
leaf tissue (Crafts-Brandner, et al., 2002), as the concentration of AMP in mesophyll cell 
chloroplasts is estimated to be 40 – 260 µM (Usuda, 1988). This concentration may be 
within a range that aids in the thermostability of PPDK in vivo as observed in this study in 
vitro. 
The determined AMP concentration range necessary for retention of PPDK activity 
in high temperature conditions may be physiologically relevant pertaining to cereal 
endosperm as well. In barley endosperm AMP concentration is estimated to be 100 µM 
(Tiessen, et al., 2012), a concentration determined to condition a 40% protection of PPDK 
activity in this study. PPDK in maize endosperm influences cellular energy through 
adenylate compounds ATP and AMP (Chapter 2). The current study suggests that not only 
does PPDK activity influence energy charge, but its activity may also be influenced by 
energy charge. In cellular conditions resulting in reduced energy status (reduced ATP/AMP 
ratio), the elevated AMP concentration may provide additional stability to PPDK to 
generate ATP, elevating the ATP/AMP ratio. 
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The retained activity of PPDK at high temperatures was an effect observed only in 
pre-incubations containing AMP, however, ATP binds in the same N-terminal ATP-grasp 
nucleotide binding domain (Nakanishi, et al., 2005) with a reported Km of approximately 
9 - 85 µM (Jenkins, et al., 1985, Nakamoto, et al., 1987, Sugiyama, 1973). If AMP binding 
to the nucleotide binding domain confers thermostability, it is possible that ATP may have 
a similar effect, however pre-incubations containing ATP at approximately 100•Km offered 
no protection from inactivation. While it is possible that only AMP confers thermostability 
due to a unique allosteric change associated with binding to this domain, this effect would 
be expected to occur at a concentration closer to Km (1 - 4 µM). Alternatively, there could 
be an additional unidentified AMP binding motif that influences structural stability based 
on availability of AMP. 
Recently a crystal structure of the well-known and characterized enzyme 
phosphofructokinase (PFK) revealed a previously unidentified potential regulatory 
nucleotide binding pocket (Banaszak, et al., 2011), illustrating that regulation of metabolic 
enzymes have yet to be fully understood. Another possibility is the formation of an 
unidentified intersubunit AMP binding site that could stabilize the enzyme or multimeric 
complex. The possibility of additional AMP binding sites of PPDK may explain why 50% 
protection from thermal inactivation in this study was estimated at 60•Km, as the affinity 
for AMP at an alternative binding site may differ from the reported Km of the enzyme. A 
structural study of PPDK in the presence of AMP would be informative to identify potential 
alternative AMP binding sites or unique conformational changes associated with AMP 
binding, as there is currently no structural data in the presence of AMP.  
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Formation of heteromultimeric PPDK complexes 
While definitive subcellular localization of PPDK1 and PPDK2 in maize 
endosperm has yet to be demonstrated, both forms are presumed to be present in the cytosol 
and have also been found to associate with starch biosynthetic complexes in amyloplasts. 
This indicates that both forms are present within the same subcellular compartments, and 
based on high homology may be able to interact and form heteromultimers. Protein-protein 
interaction experiments demonstrated a strong interaction between PPDK1 and PPDK2 as 
1 M NaCl did not disrupt electrostatic interactions and binding. This strong interaction 
observed indicates that when co-localized it is not only possible but probable that 
heteromultimeric complexes are formed. Interaction is of course dependent on tissue 
specific expression of each and subsequent localization. One notable observation is in some 
instances mobile phase His-tag PPDK applied to the S-agarose bound PPDK did not bind 
as well as others and is found in the flow through. This may be due to the availability of 
free monomers for binding. The S-tag PPDK was presumably in homomultimeric form 
upon application to the S-agarose, as was the His-tag PPDK. As observed with 1 M NaCl 
washes, the S-tag PPDK subunits may not dissociate readily to accept the His-tag PPDK 
and vice versa. 
Materials and Methods 
Recombinant PPDK expression plasmid construction 
For enzymatic analysis PPDK1 and PPDK2 were expressed as recombinant 
proteins with the native stop codon replaced by six His residues at the C terminus for use 
as a "6X-His" affinity tag. Both cloned pdk1 and pdk2 coding sequences comprise 2616 
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bp, with pdk1 spanning codons 100-971 of the cDNA reference sequence (Genbank 
accession no. BT054438), considering the start location of the alternative transcript that 
encodes the cytosolic form of PPDK1 (Sheen, 1991). The PPDK2 coding region spanned 
codons 12-883 predicted by the B73 genomic sequence (gene model 
GRMZM2G097457_T02). Standard molecular biology methods were used to insert coding 
sequences into the pET-29b expression vector to generate plasmids pRL101 (PPDK1-CH) 
and pRL102 (PPDK2-CH), the sequences of which were directly confirmed. 
PPDK1 and PPDK2 for protein-protein interaction analysis were similarly cloned 
into pET-29b expression vectors containing an in-frame S-tag sequence at the N terminus 
for use as an affinity tag. Both pdk1 and pdk2 coding sequences are comprised of 2616 bp 
inserted following the S-tag sequence. The S-tag sequence is followed by 42 bp linking 
start of the PPDK coding sequence indicated. Standard molecular biology methods were 
used to insert each coding sequence into the pET-29b expression vector, generating 
plasmids pRL103 (NS-PPDK1) and pRL104 (NS-PPDK2), sequences of which were 
directly confirmed. 
The PPDK1 reference sequence was compiled from the full-length cDNA 
(Genbank accession no. BT054438) considering the start location of the alternative 
transcript that encodes the cytosolic form of PPDK1 (Sheen, 1991). The expressed region 
of PPDK1 comprised 872 residues spanning codons 100-971 of the reference sequence. 
Sequence analysis showed the PPDK1 coding sequence fused to the 6X-His tag to be 
identical to the published cDNA with the exception of one polymorphism, Phe 914 to Leu. 
The PPDK1 coding sequence fused to the S-tag contained thee polymorphic codons 
relative to the reference sequence, specifically Ala 484 to Val, Gly 909 to Cys, and Phe 
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914 to Leu. The expressed region of PPDK2 comprised 872 residues spanning codons 12-
883 predicted by the B73 genomic sequence (gene model GRMZM2G097457_T02). The 
coding region in the expression plasmids matched the B73 sequence with the exception of 
four codons, specifically Asn 196 to Asp, Lys 313 to Gln, Glu 317 to Asp, and Ala 703 to 
Gly. 
The coding sequences of pdk1 or pdk2 for all vectors were PCR amplified from 
preexisting plasmids p27PDK1 or p27PDK2, respectively. Sequences of which were 
originally amplified from W64A cDNA. Sequences encoding PPDK were amplified for 
pRL101 and pRL102 using primers PDK1NdeF and PDK1XhoR. The PPDK sequences 
for pRL103 and pRL104 were amplified using primers PDK1SNcoF or PDK2SNcoF with 
PDKXhoH respectively (Table 3.1). 
Recombinant PPDK expression and purification 
Each expression vector was transformed into Rosetta (DE3) pLysS E.coli cells 
(EMD Millipore). Single positive colonies were inoculated into 10 mL LB medium with 
kanamycin at 50 µg/mL (LB-Kan), and grown overnight at 37°C. Overnight culture was 
used to inoculate 500 mL LB-Kan at 1:250 dilution grown at 37°C to OD600 = 0.6 – 0.7 
and induced with 1 mM IPTG for 4 hours at 25°C. Cell pellets were harvested by 
centrifugation and stored at -20°C prior to use. 
PPDK1-CH and PPDK2-CH were extracted from E. coli cells by sonication in 2 
mL of sonication buffer A (10 mM imidazole, 50 mM KPi pH 8.0, 300 mM KC1, 5 mM 
MgSO4, 5 mM 2-mercaptoethanol, 1 mM PMSF) with subsequent purification identical to 
the protocol described (Chastain, et al., 1997). Eluted enzymes were subjected to buffer 
exchange with PPDK buffer A (100 mM Tris-HCl, pH 8, 10 mM MgSO4, 0.5 mM EDTA, 
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5 mM DTT) through Amicon Ultracel – 30K centrifugal filter units (Catalog no. 
UFC903024), or alternatively by dialysis. Purified buffer exchanged enzyme was stored at 
room temperature for a maximum of 3 days (approximately 20% loss of activity per day). 
Expressions and purifications were performed as required for experiments. 
NS-PPDK1 and NS-PPDK2 were extracted by sonication in 2 mL of sonication 
buffer B (2 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tritton X-100, 1 mM PMSF). 
Soluble cell lysate volume of 400 µL was applied to 250 µL bed volume of S-protein 
agarose in 5 mL of binding buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tritton 
X-100) and rocked at room temperature for 15 minutes. S-protein agarose bound NS-
PPDK1 or NS-PPDK2 was washed with 5 mL of binding buffer, followed by 2 mL of 
binding buffer containing 1 M NaCl, and equilibrated with 5 mL of PPDK Buffer A (25 
mM HEPES pH 6.5, 25 mM NH4Cl, 6 mM MgSO4) prior to application of purified PPDK1-
CH or PPDK2-CH for protein-protein interaction experiments. 
Recombinant PPDK activity assays 
Purified PPDK1-CH and PPDK2-CH activities were assayed at room temperature 
spectrophotometrically at a wavelength of 340 nM in the pyruvate forming direction by 
monitoring oxidation of NADH as described (Jenkins, et al., 1985) in PPDK Buffer B (25 
mM HEPES pH 6.5, 6 mM MgSO4, 25 mM NH4Cl, 5 mM DTT, 1 mM PEP, 1 mM PPi, 
0.5 mM AMP, 0.25 mM NADH, and 2 U/mL lactic acid dehydrogenase). Assays were 
initiated by addition of 1 µL of 1 µg/µL purified PPDK1-CH or PPDK2-CH to 100 µL 
total assay volume and observed for 1 - 2 minutes in duplicate or triplicate. Activity 
observed was used to calculate specific activities. Protein concentration was determined by 
the Bradford method using a BSA standard curve (Bradford, 1976).  
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Recombinant PPDK AMP Km 
Purified recombinant PPDK was applied to the aforementioned activity assay 
containing varied concentrations of AMP from 0.16 µM - 0.5 mM in PPDK buffer B. 
Reactions were initiated by addition of 50 ng of purified PPDK1-CH or PPDK2-CH, and 
activity was observed continuously over a 5-min interval in triplicate for each AMP 
concentration. Enzyme activities were used to construct Michaelis-Menten and double 
reciprocal plots. Double reciprocal plots were used to determine individual enzyme AMP 
Km values. 
Recombinant PPDK activity following temperature pre-incubation  
Purified PPDK1-CH or PPDK2-CH were immediately assayed for activity 
following pre-incubation at varied temperatures from 30 - 45°C in 5°C increments, with 
time of exposure from 5 – 30 minutes. Pre-incubations contained purified recombinant 
enzyme in absence or presence of 9 mM individual or paired pyruvate forming substrates 
AMP, PPi, and PEP. Alternatively, pre-incubations with 9 mM individual PEP forming 
substrates ATP, Pi, or pyruvate were incubated for 15 min at 45oC and assayed for activity. 
Pre-incubations containing varied concentrations of AMP from 45 µM - 9 mM were 
exposed to 45oC for 15 min prior to activity assay. All activity assay conditions were 
identical to the previously described methods. 
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Pre-incubations containing varied concentrations of AMP were normalized to 
percent activity compared to enzyme pre-incubated with 9 mM AMP. This data was used 
to construct a Michaelis-Menten and double reciprocal plot. The double reciprocal plot was 
used to estimate the concentration of AMP required to facilitate the retention of 50% 
activity from the slope of the linear regression as Km = 50% activity (y-intercept = 1/Vmax 
= 100, and slope = Km/Vmax). 
Recombinant PPDK differential scanning calorimetry 
Purified recombinant PPDK1-CH or PPDK2-CH at a concentration of 0.3 mg/mL 
in absence or presence of 9 mM AMP was used for DSC experiments. Each evaluation 
contained 300 µL of purified enzyme and was performed in duplicate for each enzyme and 
substrate condition. 
DSC experiments were performed using TA Instruments Nano-DSC (model 6300). 
Temperature was increased at a rate of 1°C •min-1 from 20 - 80°C, at a constant pressure 
of 3 A. Enzyme did not renature in the cooling stage (decreasing temperature 80 - 20°C at 
1°C •min-1) subsequent to the heating stage, thus sample replacement was required for each 
replicate. 
DSC data was analyzed using TA Instruments NanoAnalyze software for modeling 
and determination of enzyme Tm values. Samples in the absence of AMP were fit to a two 
Gaussian peak model, one peak for each obvious structural change observed. Samples 
containing AMP were also fit to a two Gaussian peak model, due to the presumed overlap 
of the unfolding events observed in absence of AMP.  
  
 134 
Recombinant PPDK protein-protein interaction experiments 
50 µL (1 µg/µL) of purified PPDK1-CH or PPDK2-CH was applied to a 250 µL 
bed volume of S-agarose bound NS-PPDK1 or NS-PPDK2 (described in Recombinant 
PPDK expression and purification) with 1 mL of PPDK buffer A and rocked for 30 min at 
room temperature. The S-protein agarose was washed with 5 mL of PPDK assay buffer A, 
followed by 1 mL washes of PPDK assay buffer A containing 0.2, 0.6, and 1 M NaCl. 
Wash fractions were collected and concentrated to ~100 - 200 µL using 0.5 mL Amicon 
Ultra – 30K centrifugal filters, the S-agarose following these washes was also collected but 
not concentrated. Proteins in collected fractions were separated by SDS-PAGE in 8% 
Laemmli gels (Ausubel, et al., 1989) and transferred to nitrocellulose, with immunoblot 
staining performed by standard procedure (Ausubel, et al., 1989). Total PPDK was 
observed by primary antibody against PPDK (Chastain, et al., 2002) diluted 1/10,000. 
Secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG 
(ThermoFisher no. 32260) diluted 1/15,000. Visualization of PPDK1-CH or PPDK2-CH 
was achieved with anti-His-tag antibody (EMD Millipore Catalog no. 71840) performed 
as suggested by manufacturer. Signal for both immunoblot types were detected using ECL 
chemiluminescence reagent (GE Healthcare no. RPN2209).  
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Tables 
Table	3.1.	Primer	sequences	for	pdk1	and	pdk2	amplification	
Primer	sequences	used	to	amplify	pdk1	or	pdk2	for	insertion	into	pET29	expression	vector.	
Expression	
vector	 Primer	 		 Sequence	
pRL101,	
pRL102	 	 PDK1NdeF	 	 5’-GAGATACATATGAGGGTGTTCCACTTCGGC-3’	
pRL101,	
pRL102	 	 PDK1XhoR	 	 5’-AACTTGCTCGAGGACAAGCACCTGAGCTGC-3’	
pRL103	 	 PDK1SNcoF	 	 5’-GGTCCACCATGGGAAGGGTGTTCCACTTCGGC-3’	
pRL104	 	 PDK2SNcoF	 	 5’-CCTGTCAGTACCATGGCTATGGCGCCCGCTCCATGTGG-3’	
pRL103,	
pRL104	 		 PDKXhoH	 		 5’-GTTCAACTCGAGTCAGACAAGCACCTGAGCTGC-3’	
	
	
Table	3.2.	Average	velocities	observed	for	AMP	Km		
Average	velocities	observed	with	varied	AMP	for	samples	performed	in	triplicate	with	indicated	standard	
deviations.		
Data	accompanying	Fig.	3.2.	
	
	 	 PPDK1-CH	 	 PPDK2-CH	
AMP	Conc.	(mM)	 		 V	(µmols/min/mg)*10^6	±	Std	Dev	 	 V	(µmols/min/mg)*10^6	±	Std	Dev	
0.5	 	 35.55	±	6.26	 	 28.76	±	4.56	
0.1	 	 33.4	±	1.35	 	 26.97	±	4.02	
0.004	 	 16.79	±	4.46	 	 18.22	±	1.93	
0.0008	 	 10.36	±	2.48	 	 8.57	±	5.8	
0.00016	 	 6.61	±	1.88	 	 7.15	±	2.64	
0.000032	 		 2.32	±	1.35	 		 3.39	±	2.03	
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Table	3.3.	Average	specific	activities	of	recombinant	PPDK	with	PEP	forming	substrates	
Indicated	enzyme	pre-incubated	at	indicated	temperature	for	15	min	in	absence	or	presence	of	9	mM	
indicated	substrate.		
Samples	performed	in	duplicate	with	standard	deviations	indicated.		
	
	 	 	 	 	 	 PPDK1	 	 PPDK2	
Substrate	 		 Temp	
(°C)	
		 Time	of	Incubation	
(Min)	
	 Av.	Specific	
Activity	
	 Av.	Specific	
Activity	
ATP	 	 30	 	 15	 	 2.05	±	0.08	 	 1.48	±	0.19	
	 	 35	 	 	 	 1.94	±	0.39	 	 1.19	±	0.05	
	 	 40	 	 	 	 1.63	±	0.25	 	 1.01	±	0.06	
		 		 45	 		 		 		 0.23	±	0.03	 		 0.16	±	0.07	
Pyruvate	 	 30	 	 15	 	 0.99	±	0.13	 	 0.8	±	0.01	
	 	 35	 	 	 	 0.82	±	0.12	 	 0.86	±	0.04	
	 	 40	 	 	 	 0.8	±	0.02	 	 0.83	±	0.02	
		 		 45	 		 		 		 0.13	±	0.04	 		 0.09	±	0.06	
Pi	 	 30	 	 15	 	 2.18	±	0.24	 	 1.52	±	0.02	
	 	 35	 	 	 	 1.7	±	0.2	 	 1.51	±	0.08	
	 	 40	 	 	 	 1.63	±	0.01	 	 1.58	±	0.08	
		 		 45	 		 		 		 0.45	±	0.06	 		 0.33	±	0.08	
	
 Table 3.4. Average specific activities of recombinant PPDK pre-incubations 
Enzyme was pre-incubated for the indicated time and temperature in the absence or presence of 9 mM indicated substrate and assayed 
for activity following. Assays performed in duplicate with standard deviations shown. Percent activity is based on comparison to room 
temperature incubated enzyme. 
PPDK1 PPDK2 
Substrate Temp 
(°C) 
Time of Incubation 
(min) 
Av. Specific 
Activity 
% 
Activity 
Av. Specific 
Activity 
% 
Activity 
None Room 
Temp 
3.69 ± 0.16 3.81 ± 0.29 
30 5 3.08 ± 0.47 83.5 3.89 ± 0.02 102.2 
15 3.47 ± 0.17 94.0 4.04 ± 0.23 106.1 
30 3.56 ± 0.15 96.6 3.57 ± 0.15 93.8 
35 5 3.56 ± 0.25 96.5 3.88 ± 0.13 101.8 
15 4.3 ± 0.21 116.6 4.15 ± 0.17 108.9 
30 3.48 ± 0.3 94.4 3.69 ± 0.2 97.0 
40 5 2.82 ± 0.16 76.4 2.52 ± 0.06 66.2 
15 2.94 ± 0.35 79.9 2.79 ± 0.2 73.4 
30 2.35 ± 0.56 63.8 2.15 ± 0.15 56.4 
45 5 0.53 ± 0.29 14.3 0.14 ± 0.1 3.7 
15 0.04 ± 0.01 1.2 -0.02 ± 0.02 -0.5
30 0.02 ± 0.01 0.6 -0.04 ± 0.03 -1.1
PEP Room 
Temp 
3.37 ± 0.2 3.97 ± 0.2 
30 5 3.35 ± 0.02 99.2 3.22 ± 0.24 81.1 
15 3 ± 0.26 89.0 3.28 ± 0.68 82.6 
30 2.92 ± 0.07 86.6 3.31 ± 0.14 83.5 
35 5 2.7 ± 0.02 80.0 3.06 ± 0.1 77.2 
15 2.94 ± 0.03 87.2 2.99 ± 0.01 75.3 
30 2.88 ± 0.16 85.5 3.41 ± 0.32 86.0 
40 5 2.57 ± 0.19 76.2 2.48 ± 0.23 62.6 
15 2.27 ± 0.13 67.2 3.04 ± 0.13 76.6 
30 2.14 ± 0.09 63.5 2.84 ± 0.32 71.6 
45 5 0.43 ± 0.06 12.8 0.95 ± 0.14 23.9 
15 0.02 ± 0 0.6 0.09 ± 0.04 2.2 
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PPDK1 PPDK2 
Substrate Temp 
(°C) 
Time of Incubation 
(min) 
Av. Specific 
Activity 
% 
Activity 
Av. Specific 
Activity 
% 
Activity 
30 0.01 ± 0.02 0.2 3.97 ± 0.01 0.5 
PPi	 Room	
Temp	
2.09	±	0.16	 3.44	±	0.11	
30	 5	 2.87	±	0.29	 137.3	 3.6	±	0.8	 104.4	
15	 2.61	±	0.04	 125.1	 2.9	±	0.2	 84.2	
30	 2.57	±	0.32	 123.3	 2.78	±	0.8	 80.7	
35	 5	 1.81	±	0.04	 86.8	 2.67	±	0.15	 77.5	
15	 1.67	±	0.39	 80.2	 1.73	±	0.6	 50.2	
30	 1.58	±	0.04	 75.8	 2.15	±	0.22	 62.5	
40	 5	 1.68	±	0.33	 80.6	 2.12	±	0.72	 61.6	
15	 1.71	±	0.12	 81.9	 1.77	±	0.12	 51.5	
30	 1.13	±	0.04	 54.2	 1.29	±	0.08	 37.4	
45	 5	 0.91	±	0.21	 43.7	 1.15	±	0.01	 33.3	
15	 0.12	±	0.02	 5.6	 0.06	±	0.02	 1.7	
30	 -0.01	±	0.01 -0.6 3.44	±	0.07	 0.0	
AMP	 Room	
Temp	
3.06	±	0.26	 3.4	±	0.13	
30	 5	 2.46	±	0.87	 80.6	 3.31	±	0.28	 97.6	
15	 3.29	±	0.06	 107.6	 3.25	±	0.06	 95.8	
30	 3.13	±	0.23	 102.4	 3.39	±	0.47	 99.7	
35	 5	 2.93	±	0.59	 95.9	 3.33	±	0.14	 98.1	
15	 3.29	±	0.02	 107.6	 3.65	±	0.38	 107.6	
30	 3.62	±	0.01	 118.3	 3.91	±	0.29	 115.1	
40	 5	 2.99	±	0.29	 97.9	 3.01	±	1.03	 88.6	
15	 3.24	±	0.45	 105.9	 3.75	±	0.1	 110.3	
30	 3.46	±	0.44	 113.1	 4.24	±	0.41	 124.8	
45	 5	 3.4	±	0.55	 111.1	 4.33	±	0.47	 127.6	
15	 2.82	±	0.25	 92.3	 3.58	±	0.46	 105.3	
30	 3.84	±	0.64	 125.5	 4.56	±	0.08	 134.3	
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Table	3.5.	Average	specific	activities	of	recombinant	PPDK	with	varied	AMP	
Enzyme	pre-incubated	at	45°C	for	15	min	in	the	presence	of	AMP	at	the	indicated	concentration.	
Sets	indicate	different	days	of	assays	with	alternative	purifications	or	days	following	purification.		
Assays	performed	in	duplicate	at	minimum.	
	
	 	 PPDK1-CH	 	 PPDK2-CH	
Set	 AMP	Conc.	(µM)	 Av.	Specific	activity		
%	
Activity	 	 Av.	Specific	activity	
%	
Activity	
A	 9090.91	 1.02	±	0.17	 100.00	 	 1.17	±	0.14	 100.00	
	 909.09	 0.7	±	0.03	 87.27	 	 1.04	±	0.11	 88.50	
		 90.91	 0.47	±	0.01	 57.46	 		 0.74	±	0.11	 61.67	
B	 9090.91	 3.19	±	0.04	 100.00	 	 1.71	±	0.07	 87.23	
	 2272.73	 2.87	±	0.05	 89.84	 	 1.96	±	0.03	 100.00	
	 90.91	 0.66	±	0.08	 20.80	 	 0.52	±	0.06	 26.31	
	 68.18	 0.27	±	0.01	 8.52	 	 0.5	±	0.02	 25.25	
		 45.45	 0.26	±	0.01	 8.23	 		 0.25	±	0.03	 12.56	
C	 2272.73	 1.19	±	0.17	 91.86	 	 0.89	±	0.14	 99.15	
	 1818.18	 1.29	±	0.14	 100.00	 	 0.9	±	0.02	 100.00	
	 1363.64	 1.24	±	0.04	 95.87	 	 0.89	±	0.1	 98.88	
		 909.09	 1.13	±	0.21	 87.20	 		 0.85	±	0.14	 94.62	
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CHAPTER 4. BINARY VECTORS FOR MAIZE ENDOSPERM SPECIFIC GENE 
EXPRESSION OR SILENCING BY RNA INTERFERENCE 
 
Manuscript in preparation for submission to Plasmid. 
 
Abstract 
Comprehensive genetic and genomic resources for the critical food and resource 
crop Zea mays provide the opportunity to determine functions of more than 32,000 gene 
loci predicted computationally from genome sequences. Doing so requires practical 
resources for modifying gene function by inactivation, overexpression, product 
localization, product tagging, etc. Gene function can vary by tissue, so experimental 
modification is often needed in specific organs, rather than plant-wide as is the case for 
CRISPR-mediated genome editing or other reverse genetic methods. To facilitate such 
comprehensive analysis of maize seed biology, this report describes a series of DNA 
vectors created for transgene expression specifically in maize endosperm, which is the 
major component of the agricultural output of the maize industry. The vectors utilize the 
Agrobacterium Ti plasmid integration system.  They contain one of two different promoters 
that direct high-level expression specifically in the target tissue, each varying in the 
developmental window of activity. The vectors are applicable to RNAi-mediated gene 
inactivation, and overexpression of exogenous protein-coding sequences. Plasmids 
constructed using these vector backbones were highly efficient for maize callus 
transformation, potentially owing to an altered selectable marker gene compared to 
previous vectors. Data are provided demonstrating efficient gene inactivation to the extent 
of complete loss of the target protein, tissue specificity, and utility for subcellular 
localization in vivo.  
 146 
Introduction 
Cereal crops are a primary contributor to nutrition, industrial products, and fuel 
production throughout the world. Cereals account for 30 – 60% of human caloric intake 
worldwide (Organization, 2003), and among cereals maize is the most produced and widely 
utilized (Ranum, et al., 2014). In addition to nutritional use, bioethanol production from 
maize has become a major contributor to renewable energy efforts over previous decades 
(USDA-FAS, 2017). As a result, maize production has a profound impact on human 
nutrition, energy independence, and the global economy that is expected to increase with 
population and product demand (FAO, 2017). 
Due to this importance, there has been considerable effort devoted to improving 
resources available for maize research. The genetic data available for maize is tremendous, 
with more than 170,000 expressed sequence tags, approximately 20,000 contigs and an 
equivalent number of singlets (Dong, et al., 2003), for approximately 32,000 predicted 
genes (Schnable, et al., 2009). Much further investigation is required, however, to test the 
nature and functionality of many of the predicted genetic elements. Investigating and 
establishing the functions of these genes will be necessary to influence growth, yield, 
nutrition, and drought and disease resistance to meet future demand. A considerable portion 
of our knowledge regarding gene function has been achieved by studies using mutants and 
genetically modified plants. Genome modification strategies have continued to evolve, and 
today there are numerous methods available such as virus induced gene silencing, transient-
induced gene silencing or expression, and stable transgenics. Transposon mutation 
resources have proven useful to forward and reverse genetic studies involving gene 
inactivation (Williams-Carrier, et al., 2010) (McCarty, et al., 2005, Vollbrecht, et al., 
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2010), and in addition the CRISPR-Cas9 system has quickly become a widely applied 
technology for genome modification including inactivation as well as other types of 
designed sequence variation.  
Genome modifications can have drawbacks, however, owing to the fact that they 
typically are systemic and alter gene function in every tissue in the organism.  Thus, they 
may not provide the most accurate characterization of tissue specific functions.  For 
example, a systemic mutation might affect a leaf function that has secondary, downstream 
effects on seeds. In such instances, gene inactivation specifically in the seed tissue would 
be required to identify the primary nature of the defect.  The existence of multiple isoforms 
or gene copies complicates the use of mutations and CRISPR as well, requiring numerous 
plant transformations and crosses, as well as more rigorous genotyping. Some of the 
shortcomings of these genome modification strategies can be overcome by generating 
stable transgenic plants engineered to alter expression of gene products of interest in a 
tissue specific manner. Elimination or knockdown of gene products in planta can be 
achieved by transgenes producing double-stranded RNA (dsRNA), inducing degradation 
of homologous mRNA by RNAi (Waterhouse, et al., 1998). In addition to eliminating gene 
products, transgenes can be used to elevate gene expression, introduce exogenous genes, 
and incorporate translational fusion products for use as localization, purification, and 
immunological markers (Krishnakumar, et al., 2015, Reyes, et al., 2010).  
Generation of stable transgenic maize by Agrobacterium-mediated plant 
transformation requires binary vectors that can be laborious to plan and construct. Many of 
the binary vectors available are designed for dicotyledonous plants or contain constitutive 
promoters for systemic expression (Earley, et al., 2006). While these promoters work for a 
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number of applications, systemic production or elimination of gene products may result in 
deleterious plant effects. This may also lead to inaccurate characterization of gene function 
due to the redistribution of energetically costly plant resources appropriated for transgene 
expression. 
To minimize these effects for studies in maize endosperm, this study reports 
modular, ligation-based binary vectors created for use in Agrobacterium-mediated 
transformation. The p22MCS and p27MCS vectors are designed for gene expression, while 
the p22Ri and p27Ri vectors are designed for gene-silencing via RNAi. Endosperm 
specificity of these vectors is attributed to the use of either the Fl2 22-kDa a-zein or the 
zp27 27-kDa g-zein protein promoter to drive transgene expression. These promoters and 
vectors are experimentally validated to efficiently express transgenes or eliminate highly 
abundant gene products, and have a higher than average transformation efficiency (Iowa 
State Plant Transformation Facility). 
Furthermore, these vectors can be easily altered to suit additional in vivo studies of 
interest by modifying the multiple cloning sites (MCS), or incorporating localization, 
immunological, or affinity sequences for translational fusion products. This coupled with 
the robust transformation and expression qualities makes these vectors a valuable resource 
for the maize research community. 
Results 
Vectors for endosperm-specific, high-level expression of exogenous gene 
Vectors p22MCS and p27MCS are designed for high level expression of exogenous 
genes specifically in maize endosperm. They were constructed as described in Materials 
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and Methods by adaptation of the existing vector pIPKb001 designed for dicot 
transformation (Himmelbach, et al., 2007). The starting plasmid provided the binary vector 
backbone containing all functions needed for Agrobacterium-mediated transformation 
(Frame, et al., 2002). The critical elements of the new vectors are as follows, in sequential 
order: 1) The Agrobacterium Ti plasmid right border sequence for recombination into the 
plant genome; 2) one of two endosperm-specific promoters and linked 5' untranslated 
region (UTR), described in the following section; 3) a multiple cloning site (MCS) 
containing unique restriction sites for coding sequence insertion; 4) the transcriptional 
termination sequence of the Agrobacterium nos gene (NOS terminator); 5) a selectable 
marker for plant transformation utilizing the herbicide-resistance protein encoded by the 
Streptomyces hygroscopicus bar gene (Thompson, et al., 1987); 6) the Agrobacterium Ti 
plasmid left border sequence for recombination into the plant genome (Fig. S4.1). The 
selectable marker in the new plasmids, reconstructed from the original marker gene in 
pIPKb001, comprises the promoter of the maize Uq gene encoding ubiquitin, the first 
intron of that gene located in the 5'-UTR, the translational enhancer sequence from tobacco 
etched virus, the bar gene coding sequence, and the transcriptional terminator sequence 
from the soybean vspB gene. 
Endosperm specific promoters were from the maize gene fl2 that encodes the most 
highly expressed 22-kDa α-zein seed storage protein (Woo, et al., 2001) or the gene zp27 
that is the single gene encoding 27-kDa γ-zein (Woo, et al., 2001). These genes are among 
the most highly expressed in maize endosperm, and they vary based on timing of 
expression and sublocalization within the tissue (Woo, et al., 2001).  
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Functional analysis of expression vectors 
Overexpression of exogenous coding sequences 
To demonstrate the efficacy of the promoters and binary vectors, the E. coli 
β-glucuronidase (GUS) reporter gene was inserted in both p22MCS and p27MCS, 
generating p22GUS and p27GUS binary vectors, respectively (Fig. 4.1A). These vectors 
were used to introduce the fragment delineated by the T DNA borders into the maize 
genome by Agrobacterium-mediated transformation (Frame, et al., 2002). Ro plants were 
crossed to inbred lines W64A or B73, and two or more successive backcrosses introduced 
each transgene into those genetic backgrounds. Hemizygous plants verified to contain the 
transgene by PCR (Fig. 4.1B, C) were crossed as males to inbred W64A or B73 mother 
plants, generating sibling kernels on the same ear segregating 1:1 for the presence or 
absence of the exogenous genetic element. These ears were collected at 10, 14, and 20 days 
after pollination (DAP), hand sectioned, and stained for GUS activity. GUS activity was 
not observed in 10 DAP transgenic endosperms, however, by 14 DAP it was easily 
observed for both transgenes (Fig. 4.2). GUS accumulation continued after 14 DAP as 
indicated by stronger staining in 20 DAP transgenic endosperms compared to the earlier 
time point.  This was particularly evident in endosperm containing the p27GUS transgene 
(Fig. 4.2).  
GUS expression was specific to the endosperm among the filial tissues of the kernel 
that are genetically identical. Specifically, embryos did not stain for the reporter protein 
whereas signal was clearly evident throughout the endosperm (Fig. 4.2). Maternal tissues 
did not stain for GUS, as expected for tissues lacking the transgene within their genomes. 
  
 151 
 
  
 
 
Figure 4.1. GUS reporter binary vectors and transgenes. (A) Binary vector maps. Complete binary 
vectors used to introduce 22GUS or 27GUS transgenes into maize by Agrobacterium-mediated 
transformation. (B) Transgene structure. “gus” indicates the E. coli uidA gene (Genbank accession no. 
NC_000913). “fl2” or “zp27” are the 22-kDa α-zein or 27-kDa γ-zein protein promoters respectively. 
“NOS ter” is the transcriptional terminator of the nopaline synthase gene from the Agrobacterium 
tumifacsens Ti plasmid. The figure is drawn to scale. (C) Genotype determination by PCR. Seedling leaf 
genomic DNA amplified with the indicated primer pairs shown in panel B. “Tx” or “WT” indicate the 
presence or absence of the indicated transgene respectively. “LB” and “RB” indicated the T-DNA left- 
and right border recombination sequences, respectively. “ZmUq” indicates the promoter of the maize 
gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces hygroscopicus gene that 
confers resistance to the herbicide bialophos. The translational enhancer from Tobacco Etch Virus and 
the transcriptional terminator of the soybean vspB gene are indicated. 
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Figure 4.2. Expression of the fl2 and zp27 promoters. Maize plants were genotyped by PCR to confirm 
the presence of either the p22GUS or p27GUS transgene. Transgene containing plants were crossed to 
inbred wild type B73 or W64A, generating a segregating population of wild type and hemizygous kernels 
on each ear. Ears were collected at 10, 14, and 20 DAP as indicated, hand sectioned, and stained for GUS 
activity. “Tx” or “WT” indicate the presence or absence of the indicated transgene, respectively. 
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Translational fusions for subcellular localization 
To demonstrate additional utilities of the expression binary vectors, p27MCS was 
used to create translational fusion vectors for cytosolic or full-length forms of the protein 
pyruvate phosphate dikinase 1 (PPDK1) encoded by the gene pdk1. The pdk1 gene is 
expressed from two different transcriptional start sites, such that one transcript includes 
codons specifying a plastid transit peptide whereas the alternative transcript does not 
encode any obvious targeting sequence (REF).  The coding regions of these two transcripts 
were fused at their 3' ends to the sequence encoding green fluorescent protein (GFP), 
yielding vectors p27-pdk1cyto-GFP and p27-pdk1Fl-GFP, respectively (Fig. 4.3A, S4.2). 
After transformation and backcrossing to standard, transgene-containing plants were 
identified by PCR genotyping (Fig. 4.3B, C) and crossed to inbred W64A or B73 
generating segregating populations of sibling kernels on the same ear. Ears were collected 
at 15 DAP and endosperm was hand sectioned and examined using laser scanning confocal 
microscopy (LSCM) to observe production of PPDK1-GFP fusion proteins.  
Endosperm containing the p27-pdk1Fl-GFP transgene showed production of 
PPDK1-GFP, appearing predominantly surrounding spherical structures, presumably 
starch granules within amyloplasts (Fig. 4.4). Endosperm containing the p27-pdk1cyto-
GFP transgene showed a diffuse pattern, indicating it is likely distributed in the cytosol 
(Fig. 4.5). These data demonstrate utility of p27MCS, and likely p22MCS, for in vivo 
subcellular localization experiments. 
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Figure 4.3. PPDK1-GFP binary vectors and transgenes. (A) Binary vector maps. Complete binary vectors 
used to introduce 27pdk1cyto-GFP or 27pdk1Fl-GFP into maize by Agrobacterium-mediated 
transformation (B) Transgene structure. “pdk1cyto” and “pdk1Fl” indicate the coding sequence for the 
predicted cytosolic or plastidial form of PPDK1, respectively. Promoters and 5’ UTR sequences are 
described in text of chapter 2. “NOS ter” is the transcriptional terminator of the nopaline synthase gene 
from the Agrobacterium tumifacsens Ti plasmid. The figure is drawn to scale. (C) Genotype 
determination by PCR amplification. Seedling leaf genomic DNA was amplified with the indicated 
primer pairs shown in panel B. “Tx” or “WT” indicate the presence or absence of the indicated transgene 
respectively. “GFP” indicates the coding sequence for green fluorescent protein. “LB” and “RB” indicate 
the T-DNA left- and right border recombination sequences, respectively. “ZmUq” indicates the promoter 
of the maize gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces hygroscopicus 
gene that confers resistance to the herbicide bialophos. The translational enhancer from Tobacco Etch 
Virus and the transcriptional terminator of the soybean vspB gene are indicated. 
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Figure 4.4. Confocal microscopy of 27pdk1Fl-GFP 
endosperm. Plants identified as containing the 27pdk1Fl-
GFP transgene by PCR genotyping were crossed to inbred 
wildtype W64A or B73. Ears were harvested at 15 DAP, 
kernels were hand sectioned and imaged by laser scanning 
confocal microscopy for brightfield, UV, and GFP 
wavelengths. Corresponding images are indicated, 
“Merged” indicates the overlay of all three fields. 
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Figure 4.5. Confocal microscopy of 27pdk1cyto-GFP 
endosperm. Plants identified as containing the 27pdk1cyto-
GFP transgene by PCR genotyping were crossed to inbred 
wildtype W64A or B73. Ears were harvested at 15 DAP, 
kernels were hand sectioned and imaged by laser scanning 
confocal microscopy for brightfield, UV, and GFP 
wavelengths. Corresponding images are indicated, 
“Merged” indicates the overlay of all three fields. 
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Vectors for endosperm-specific gene silencing by RNAi 
Vectors p22Ri and p27Ri are designed to generate short hairpin RNA (shRNA) for 
gene-silencing by RNA interference (RNAi) specifically in maize endosperm. These  
vectors were constructed as described in Materials and Methods by adaptation of the 
existing vector pIPKb006 designed for dicot transformation (Himmelbach, et al., 2007), 
essentially as was performed to create p27MCS and p22MCS from pIPKb001. These 
vectors contain all of the same critical elements as the expression vectors, but the unique 
cloning sites are separated into two sections designated MCS1 and MCS2 by second intron 
of the wheat RGA2 gene (Fig. S4.3). This vector structure affords cloning of the same 
fragment from a target gene into the vector in two copies in inverted orientation, resulting 
in shRNA expected to initiate the RNAi pathway. 
Functional analysis of RNAi binary vectors 
To demonstrate the utility of the p22Ri and p27Ri vectors, they were used to create 
the binary vectors p22PDKRi and p27PDKRi, respectively (Chapter 2, Fig. 2.3). These 
vectors were designed to simultaneously post-transcriptionally silence the highly expressed 
genes pdk1 and pdk2 that generate PPDK in maize endosperm.  This genetic system offers 
and ideal test of tissue specificity, because pdk1 expression in leaf is essential for viability 
whereas endosperm PPDK is not essential (Chapter 2). Thus, ectopic expression of the 
transgenes in leaf, beyond the expected expression in endosperm, could be detected by a 
deleterious plant phenotype. 
The first 546 bp of pdk1 (GRMZM2G306345) cDNA was cloned in forward 
orientation into MCS1 of p22Ri or p27Ri, and also in the reverse orientation into MCS2 of 
each vector.  This region of the pdk1 cDNA is highly homologous to the sequence of pdk2  
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in that region (Chapter 2, Fig. S2.4), so that the RNAi is expected to target both transcripts. 
These vectors were used for Agrobacterium-mediated transformation and transgene 
containing plants were crossed to inbred standards (Chapter 2 Materials and Methods, Fig. 
S2.3). Sibling endosperms from the same ear segregating for either transgene were 
collected at 20 DAP and identified as transgene containing or normal by PCR genotyping 
(Chapter 2 Materials and Methods, Fig. S2.3). Endosperm extracts were examined for the 
presence of PPDK by immunoblot and enzyme assay methods, both of which showed no 
detectable PPDK in transgene containing endosperm (Chapter 2, Fig. 2.2, Table 2.2).  
Plants containing either transgene germinate normally (Chapter 2, Fig. S2.2) and 
exhibit no obvious phenotype or growth defect throughout development. This is distinct 
from systemic elimination of pdk1 expression by null mutations that affect all tissues and 
cause seedling lethality (Chapter 2, Fig. 2.1). Thus, it is inferred that the RNAi transgene 
is not expressed in leaf. Demonstrating the ability to effectively silence highly expressed 
genes in endosperm, while circumventing deleterious plant effects associated with 
systemic modification.  
Discussion 
The vectors created and detailed here are proven tools for genetic engineering of 
maize endosperm for in vivo experimentation. The demonstrated endosperm specificity of 
these vectors is attributed to the use of either the fl2 or zp27 zein storage protein promoter 
for transgene expression. These promoters are active between 10 – 14 DAP and exhibit 
sustained high levels of expression to at least 20 DAP. The expression timing of these   
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promoters differed from previous reports showing expression of both promoters by 10 
DAP, but agreed with respect to sustained high level expression following (Woo, et al., 
2001). The discrepancy in early expression by GUS staining may be due to differences in 
visualization sensitivity between the methods utilized.  
In addition to the reporter expression lines, the p27MCS vector was used to 
introduce translational fusion proteins to maize endosperm, demonstrating the utility of 
these vectors for overexpression or localization studies. The p22MCS vector was not used 
for this set of experiments, but owing to the fact it contains all of the same elements as 
p27MCS and the promoter shows appreciable expression it is likely as capable for this 
purpose. Experimental applications of these vectors are not limited to the utilities 
demonstrated and could potentially be utilized for gene overexpression, introduction of 
translational fusion proteins with affinity or immunological tags, or introduction of 
exogenous gene products in endosperm.  
The p22Ri and p27Ri binary vectors were effective for simultaneously silencing 
both genes encoding PPDK, as endosperm containing either transgene showed no 
detectable PPDK by immunoblot or enzyme assay. Elimination of these highly expressed 
enzymes demonstrates the efficacy of these vectors for in vivo investigations of gene 
function in endosperm. Systemic pdk1 loss of function results in a seedling lethal 
phenotype, while plants containing either transgene displayed no obvious growth defect, 
providing further evidence the transgenes are not expressed in leaf.   
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These vectors have been used toward additional transformations and investigations 
as well, and each transformation produces high numbers of regenerant plants compared to 
transformations using other vectors (Iowa State Plant Transformation Facility). Why these 
vectors display higher transformation efficiency is unknown, but it may be due to the 
unique herbicide selection marker incorporated into these vectors. 
The use of transgenes to simultaneously target gene product isoforms in a target 
tissue is advantageous over other genome modification methods as it reduces the required 
plant transformations, crosses, and genotyping required to eliminate multiple genes, as well 
as avoiding deleterious effects from plant-wide elimination. The vectors described here 
were designed to expedite the creation of efficient transformation ready binary vectors by 
simply integrating gene sequences of interest at restriction sites within the MCS of each 
vector. The simplicity of this system is also a limitation, as a sequence integration method 
such as the Gateway system would eliminate the need for unique restriction sites. 
Fortunately, use of these vectors is not limited to restriction sites of the provided MCS, as 
it can easily be altered or exchanged. The simplicity and flexibility of sequence integration, 
combined with high efficiency expression and transformation makes this vector set a 
valuable addition to the resources available for maize endosperm research. 
Materials and Methods 
Binary vector creation 
Binary vectors pIPKb006 and pIPKb001 used to construct RNAi- and 
overexpression vectors, respectively, were supplied by the Kumlehn research group at IPK 
Gaterslaben (Himmelbach, et al., 2007). Endosperm specific promoters were added to the 
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pIPKb001 and pIPKb006 vectors, the fl2 22-kDa α-zein and zp27 27-kDa γ-zein protein 
promoters were amplified by PCR from existing vectors or cDNA and added following 
restriction digest with StuI and HindIII and ligated into the pIPKb001 and pIPKb006 
vectors. The 27-kDa γ-zein gene promoter comprised the genomic region from 1041 bp 
upstream to 60 bp downstream of the transcription start site for gene zp27 (gene model 
GRMZM2G138727). The 22-kDa α-zein gene promoter comprised the genomic region 
from 613 bp upstream to 281 bp downstream of the transcription start site in the gene fl2 
(Coleman, et al., 1995) (gene model GRMZM2G397687), the most highly expressed of the 
α-zeins (Woo, et al., 2001). 
Gateway Cloning cassettes of the original pIPK vectors were removed by restriction 
digest with BsrGI and re-circularization of the linearized vector by ligation. A multiple 
cloning site (MCS) was synthesized containing HindIII, MluI, AvrII, BamHI, NruI, PacI, 
SacI, SalI, and BsrGI restriction sites and introduced to the vectors between the HindIII 
and BsrGI sites. The hyg herbicide resistance gene and 35S terminator from cauliflower 
mosaic virus were removed. This was replaced with a fragment containing the Tobacco 
Etch Virus translational enhancer (TEV), bar bialophos-resistance gene from Streptomyces 
hygroscopicus, and the transcriptional terminator of the soybean vspB gene (Tvsp). These 
components were PCR amplified from the PTF101.1 binary vector supplied by the Iowa 
State University Plant Transformation Facility) and integrated into each vector using 
restriction sites SmaI and SbfI. This process yielded two finalized binary vectors to be used 
for gene expression, p22MCS and p27MCS, which are identical aside from containing 
either the fl2 or zp27 zein promoter, respectively.  
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The creation of binary vectors for RNAi gene-silencing followed all previously 
described steps but required further engineering as follows. The wheat RGA gene intron 2 
was PCR amplified from the original pIPKb006 vector with restriction sites added for 
BamHI and NruI and incorporated into binary vectors in the MCS between the 
aforementioned sites. This process yielded two binary vectors designed for RNAi gene-
silencing, pRI22 and pRI27, containing the fl2 22-kDa a- or zp27 27-kDa g-zein promoter 
respectively, these vectors are identical with the exception of the promoter. 
Creation of binary vectors for functional analysis 
Reporter gene binary vectors 
 The p22MCS and p27MCS vectors were used to create GUS reporter expression 
binary vectors for evaluation of promoter efficacy (Jefferson, 1987). The complete open 
reading frame of the E. coli uidA gene (Genbank accession no. NC_000913) from the 
plasmid pHGWFS7 (Karimi, et al., 2002) was amplified by PCR, and inserted between 
restriction sites HindIII and BamHI in the MCS of each vector. This process yielded binary 
vectors p22GUS and p27GUS. 
PPDK1-GFP binary vectors 
Additionally, the p27MCS vector was used to generate binary vectors for 
expression of the two forms of PPDK1 translationally fused with green fluorescent protein 
(GFP). The gene sequence for GFP was PCR amplified from the HBT-sGFP(S65T) vector 
(Chiu, et al., 1996) (supplied by the Sheen research group). The GFP coding sequence was 
cloned between the NruI and SacI restriction sites of the p27MCS vector, yielding the p27-
GFP vector. Full length pdk1 and cytosolic pdk1 gene coding sequences were cloned into 
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the p27-GFP vector between the MluI and BamHI sites of the MCS. The PPDK1 reference 
sequence was compiled from the full-length cDNA (Genbank accession no. BT054438), 
considering the start location of the alternative transcript that encodes the cytosolic form 
of PPDK1 (Sheen, 1991). The cytosolic PPDK1 sequence comprised 872 residues 
spanning codons 100-971 of this reference sequence. The full-length PPDK1 coding 
sequence comprised 947 residues spanning codons 25-971 of the reference sequence. 
Sequence analysis showed both the full-length and cytosolic PPDK1 coding sequences to 
be identical to the published cDNA with the exception of one polymorphism, Phe 914 to 
Leu. This yielded vectors p27pdk1fl-GFP and p27pdk1cyto-GFP, containing the full-
length or cytosolic coding sequence of pdk1 followed by an in-frame GFP coding sequence. 
RNAi binary vectors 
The pRI22 and pRI27 binary vectors were used to generate endosperm specific 
RNAi vectors for simultaneous gene-silencing of both pdk1 and pdk2. A gene sequence 
matching the first 546 bp of pdk1 (GRMZM2G306345) cDNA coding region was inserted 
between the MluI and BamHI sites in each vectors MCS. The reverse complement to the 
pdk1 sequence was inserted between the NruI and SacI sites downstream of the RGAint2 
sequence. The inserted pdk1 sequence contains 323 bp identical to the pdk2 cDNA, thus 
targeting both pdk1 and pdk2 transcripts. This process yielded two binary vectors 22PDKRi 
and 27PDKRi containing the 22-kDa a- or 27-kDa g-zein promoters respectively, these 
vectors are identical with the exception of the promoter. 
Transformation and identification of transgenes 
Agrobacterium-mediated maize transformation was performed by the Iowa State 
University Plant Transformation Facility. Independent transgenic events of 22PDKRi, 
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27PDKRi, 22GUS, 27GUS, 27pdk1cyto-GFP, and 27pdk1Fl-GFP were backcrossed into 
inbred W64A and/or B73. Transgene containing plants were identified using PCR at each 
generation. All transgenic plants studied are hemizygous, indicated by a 1:1 segregating 
population of transgene containing and wild type kernels per ear. 22PDKRi and 27PDKRi 
ears were harvested at indicated DAP, frozen in liquid nitrogen, and stored at -80°C prior 
to use. Endosperm was identified as wild type (WT) or transgene containing (Tx) by PCR 
genotyping on embryo or leaf DNA (Chapter 2 Materials and Methods). 
Identification of 22PDKRi or 27PDKRi transgenes used primers PDKiF1 and 
RNAiR1. Alternatively, 22PDKRi was detected using primers Z22F and PDK1F1, and 
27PDKRi was detected with 27Z60 and PDK1R59 with 52ºC annealing for all three primer 
sets. Identification of plants containing 22GUS or 27GUS transgenes used primers 22R or 
27R with GUS-F1 with 52ºC annealing, respectively. Detection of transgenes in plants 
containing 27pdk1Fl-GFP or 27pdk1cyto-GFP transgenes used primers PDKintFor and 
GFPseq with 53ºC annealing. Detection of all listed transgenes was performed by PCR in 
reactions containing GoTaq in 1.5 mM MgCl2, and 5% DMSO, with indicated annealing 
temperatures. 
GUS Detection 
Plants confirmed to contain the p22GUS or p27GUS transgene by PCR genotyping 
were crossed to inbred W64A or B73, generating segregating populations of sibling kernels 
on each ear. Ears were harvested at 10, 14, and 20 DAP developmental time points and 
immediately used for GUS staining. Endosperm tissue was hand sectioned and incubated 
overnight in GUS staining solution containing 100 mM NaPO4 pH 7, 10 mM EDTA, 0.1% 
Triton X-100, 1 mM K3Fe(CN)6, and 2 mM X-Gluc (5-Bromo-4-chloro-3-indoxyl-beta-D-
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glucuronide cyclohexylammonium salt) (Jefferson, 1987). GUS staining solution was 
aspirated and tissue was washed by 3 changes of 50% EtOH in 12 hour intervals and stored 
in 50% EtOH prior to imaging (Jefferson, 1987). 
Laser scanning confocal microscopy 
Plants confirmed to contain the p27-pdk1fl-GFP or p27- pdk1cyto-GFP transgene 
by PCR genotyping were crossed to inbred W64A or B73, generating segregating 
populations of sibling kernels on each ear. Kernels from these ears were collected at 15 
DAP and immediately hand sectioned, and visualized on a laser scanning confocal 
microscope (LSCM). LSCM visualization was performed on a Leica SP5 X MP 
confocal/multiphoton microscope system with an inverted microscope at 20X or 40X 
magnification. Endosperm cell walls were observed by UV wavelength and GFP was 
visualized by an excitation wavelength of 488 nm with an emission wavelength of 509 nm. 
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Supplemental Figures 
 
  
 
 
Figure S4.1. Creation of p22MCS and p27MCS binary vectors. The pIPKb001 binary vector was 
reengineered by removing all Gateway Cloning components by restriction digest with BsrgI. A MCS was 
added between the HindIII and BsrgI restriction sites. Both the 22-kDa fl2 and 27-kDa zp27 promoters 
were added to the vector between StuI and HindIII restriction sites (promoters and 5’ UTR sequences are 
described in text of chapter 2). The hygromycin plant selection marker gene and 35S terminator were 
removed. The translational enhancer from Tobacco Etch Virus, the bar gene, and the transcriptional 
terminator of the soybean vspB terminator sequence were added. “LB” and “RB” indicated the T-DNA 
left- and right border recombination sequences, respectively. “ZmUq” indicates the promoter of the maize 
gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces hygroscopicus gene that 
confers resistance to the herbicide bialophos. “TEV” indicates the translational enhancer from Tobacco 
Etch Virus. “Tvsp” indicates the transcriptional terminator of the soybean vspB gene. Gray dashed lines 
indicate portions of the pIPKb001 vector that were replaced by sequences indicated to yield the p22MCS 
and p27MCS binary vectors. 
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Figure S4.2. Creation of p27-pdk1Fl-GFP and p27pdk1cyto-GFP binary vectors. The p27MCS binary 
vector was used to construct the p27-GFP binary vector by inserting the GFP coding sequence between 
the NruI and SacI restriction sites to generate the p27-GFP vector. The full-length or cytosolic pdk1 
sequence was cloned into the p27-GFP vector between the MluI and BamHI restriction sites, yielding 
p27-pdk1Fl-GFP or p27-pdk1cyto-GFP vectors, respectively. “LB” and “RB” indicated the T-DNA left- 
and right border recombination sequences, respectively. “ZmUq” indicates the promoter of the maize 
gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces hygroscopicus gene that 
confers resistance to the herbicide bialophos. “TEV” indicates the translational enhancer from Tobacco 
Etch Virus. “Tvsp” indicates the transcriptional terminator of the soybean vspB gene. Gray dashed lines 
indicate portions of the pIPKb001 vector that were replaced by sequences indicated to yield the p22MCS 
and p27MCS binary vectors. “GFP” indicates the coding sequence for green fluorescent protein. Gray 
dashed lines indicate sequences added to the p27MCS or p27-GFP vector to yield the p27-pdk1cyto-GFP 
or p27-pdk1Fl-GFP binary vectors. 
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Figure S4.3. Creation of p22Ri and p27Ri binary vectors. The pIPKb006 binary vector Gateway cloning 
system was removed by restriction digest with BsrgI, and replaced with a MCS between the HindIII and 
BsrgI restriction sites. The wheat RGA intron 2 was then introduced to the MCS between the BamHI and 
NruI restriction sites, dividing the original MCS into MCS1 and MCS2. The hygromycin gene and 35S 
terminator were replaced with a TEV translational enhancer, bar gene, and the Tvsp transcription 
terminator sequence. Maize 22-kDa fl2 or 27-kDa zp27 promoters were cloned between the StuI and 
HindIII restriction sites to yield p22PDKRi or p27PDKRi binary vectors respectively. “LB” and “RB” 
indicated the T-DNA left- and right border recombination sequences, respectively. “ZmUq” indicates the 
promoter of the maize gene encoding ubiquitin. “bar” is the coding sequence of the Streptomyces 
hygroscopicus gene that confers resistance to the herbicide bialophos. “TEV” indicates the translational 
enhancer from Tobacco Etch Virus. “Tvsp” indicates the transcriptional terminator of the soybean vspB 
gene. “RGA2” indicates the second intron of the wheat RGA2 gene. Gray dashed lines indicate portions 
of the pIPKb006 vector that were replaced by sequences indicated. 
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CHAPTER 5. TARGETED ANALYSIS OF MAIZE ENDOSPERM CENTRAL 
METABOLISM BY GC-MS 
 
Manuscript in preparation for submission to Methodsx 
Abstract 
Identification and quantification of low abundance metabolites can pose a 
challenge, exacerbated by limiting source tissue containing complex mixtures of small 
molecules and requirement for specialized instrumentation, typically two-dimensional 
mass spectrometers (MS/MS). This study describes methods developed to quantify 
metabolites related to glycolytic activity, specifically ATP, phosphoenolpyruvate (PEP), 
pyruvate, and pyrophosphate (PPi) in single maize endosperms. Enzymatic methods were 
developed for ATP, however, this approach lacked sensitivity required for quantification 
of pyruvate, PEP, or PPi at their steady state concentrations in endosperm extracts. GC-
MS was applied successfully in the latter three instances after various extraction and 
derivatization procedures were tested. Quantification from multiple individuals was highly 
reproducible, with the exception of higher variability with PPi. GC-MS results were 
corroborated by independent analyses using specialized anion exchange liquid 
chromatography-MS/MS instrumentation, confirming accuracy of the more generally 
tractable GC-MS methods described herein. The same methods can also be used for 
additional metabolites related to glycolysis that were definitively identified in the MS data 
sets by comparison to published databases.  
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Introduction 
Investigations involving the physiological role of small biological molecules began 
a long time ago, evolving and emerging as the increasingly important field of 
metabolomics. Metabolomics is a relatively new field by comparison to other ‘omics’ 
research, but has become increasingly utilized as a corollary for disease state or 
investigating genetic perturbations. This field of study has grown largely due to 
technological advances in extraction, separation, and detection capabilities able to identify 
numerous compounds in single small samples. Often a non-targeted approach works well 
and has the potential to yield data for compounds of interest, however, additional methods 
may be required to target compounds absent from a single analysis method.  
Quantification of relatively low abundance metabolic intermediates in complex 
mixtures remains a challenge, especially when source tissue is limiting. Enzymatic 
quantification methods are often the simplest approach in terms of instrumentation, but 
may not be sufficiently sensitive to detect or resolve differences in low abundance 
compounds. These issues may be overcome by using a targeted metabolomics approach. 
The sensitivity of mass spectrometers (MS) coupled to gas or liquid chromatography (GC 
or LC) systems for fractionation, in combination with available software, libraries, and 
database resources, aids in low abundance compound identification and quantification. 
The methods reported here were developed to provide detailed measurements 
regarding changes in metabolites that result from a specific genetic modification affecting 
the enzyme pyruvate orthophosphate dikinase (PPDK). PPDK reversibly catalyzes 
formation of pyruvate, ATP, and orthophosphate (Pi) from phosphoenolpyruvate (PEP), 
AMP, and pyrophosphate (PPi). A non-targeted LC-MS approach identified several 
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compounds in glycolysis with elevated concentration in mutant lines. Complete analysis 
required further detail, specifically quantification of phosphoenolpyruvate (PEP), 
pyruvate, orthophosphate, and ATP (Chapter 2). This technical report describes tractable 
methods that were developed to target these four compounds in extracts of single maize 
endosperms. 
Results 
Metabolite concentration measurements by enzymatic methods 
This application required comparison of genetically distinct individual maize 
kernels segregating on the same ear that could be identified by PCR genotyping. Owing to 
the necessity of many biological replicates when targeting only a few compounds, 
combining pools of endosperms following PCR identification was not a practical option. 
Thus, the analysis needed to be practical using individual kernels, inferring limitation from 
low abundance of tissue, as each lyophilized endosperm weighs approximately 40-50 mg. 
ATP measurement 
Enzymatic determination of ATP concentration is routine and highly sensitive 
using commercial systems that generate photons for quantification. However, standard 
extraction methods resulted in highly variable results so further testing was undertaken to 
prepare the metabolite mixtures. Extraction of powdered lyophilized endosperm tissue with 
pure Tris-buffered phenol prior to aqueous extraction (Materials and Methods, extraction 
procedure #1) proved an effective method of reproducibly measuring ATP levels with the 
enzymatic reporter system (Chapter 2, Fig. 2.6B). Detection of picomole quantities in 
individual endosperm extracts was routinely accomplished. 
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Pyruvate and PEP measurement 
Single endosperm extracts were used in enzymatic quantification trials for pyruvate 
and PEP by spectrophotometry. Pyruvate quantification utilized lactate dehydrogenase 
(LDH) to generate lactate from the reduction of pyruvate, monitoring oxidation of NADH 
by changed absorbance at 340 nm. PEP quantification used this method with a coupled 
reaction in which recombinant PPDK first generated pyruvate from PEP, then pyruvate 
was quantified.  
A pyruvate standard curve from 0.1 - 10 µM was created and used to determine that 
a concentration of 1-2 µM minimum in extracts is required to observe the presence of this 
compound (Fig. 5.1, Table 5.1). Extracts of individual endosperms by the phenol extraction 
procedure (Materials and Methods, extraction procedure #1), or by extraction in 16% 
trichloroacetic acid (TCA) in anhydrous ether (Materials and Methods, extraction 
procedure #2) contained pyruvate at levels below what could be detected enzymatically 
(Table 5.1). 
Similar results were obtained for enzymatic detection of PEP (Fig. 5.1). As for 
pyruvate, a minimum concentration of 1-2 µM was required for accurate quantification, 
and again the amount of the targeted metabolite in single endosperm extracts was below 
the necessary level (Table 5.2).  The same result was obtained using either of the two tested 
extraction methods. 
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Metabolite measurements by GC-MS 
Pyruvate, PEP, and PPi quantification required a more sensitive technique than the 
enzymatic methods tested, thus GC-MS was employed. Preliminary steps in method 
development required testing of various combinations of extraction and derivatization 
procedures prior to GC-MS analysis.  Pyruvate detection was successful using phenol 
extraction (method #1), followed by reaction with methoxyamine in pyridine, followed by 
further reaction with N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) and 
trimethylchlorosilane (TMCS) (99:1) (Sigma no. 33155-U). PEP and PPi detection was 
successful using TCA/ether extraction (method #2) followed by BSTFA/TMCS 
derivatization. 
PEP, PPi, and pyruvate retention times during GC were determined using MS 
detection in full scan mode, by spiking endosperm extracts with standard compounds at 
high concentration prior to derivatization. The presence of each compound in the mass 
spectrum was revealed by comparison to the Golm Metabolome Database (GMD) (Kopka, 
 
 
Figure 5.1. Pyruvate and PEP quantification by enzymatic methods. Single 27PDKRi endosperms were 
identified by PCR as lacking (WT) or containing (Tx) the transgene and lyophilized. Metabolites were 
extracted and used for enzyme assays to quantify pyruvate and PEP content against a standard curve. 
Points in black indicate absorbance changes observed in assays containing varied concentrations of 
pyruvate or PEP as indicated. Points in red indicate the observed absorbance changes in metabolite 
samples subjected to the same assay conditions. 
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et al., 2005, Schauer, et al., 2005) mass spectra reference library. This was accomplished 
using the National Institute of Standards and Technology (NIST) Automated Mass spectral 
Deconvolution and Identification System (AMDIS) program (Herron, et al., 1996, Stein, 
et al., 1994), which compares the mass features in each fraction to the known mass features 
for each compound deposited in the database. Presence of selected, multiple mass features 
extracted from the total ion count, i.e., the extracted mass spectrum, matching known mass 
features generated from specific derivatized compounds, revealed the retention times of 
the targeted metabolites. Pyruvate-derived fragments were detected at two retention times, 
dependent on the addition of one or two trimethylsilane (TMS) groups (Fig. 5.2, S5.1), 
whereas PEP- and PPi-derived fragments were observed at a single retention time. 
Once compound retention times and identities were validated, endosperm extracts 
prepared for pyruvate quantification were evaluated in full scan mode for all M/Z 
fragments associated with the compound. This was possible because the relative abundance 
of the pyruvate-derived fragments was high enough for detection among the background 
of other mass features eluting at the same time. The abundance of PEP- or PPi-derived 
mass features, however, was too low compared to the background features present at the 
same elution time for detection in full scan mode. This was overcome by increasing the 
sensitivity of the MS to the compounds of interest by acquiring data in selected ion 
monitoring (SIM) mode to monitor only M/Z ion fragments associated with PEP and PPi 
at the specified retention times (Fig. 5.3, S5.2). 
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Figure 5.2. Pyruvate GC-MS ion traces. (A) Total ion chromatogram. The total ion chromatogram for a 
typical endosperm sample evaluated for pyruvate content. (B) Overlay of TIC and most abundant 
derivative fragment for pyruvate. Chromatogram shows the most abundant ion fragments associated with 
derivatized pyruvate with respect to the total ion chromatogram. (C) Pyruvate derivative fragment 
chromatograms. Chromatograms shows the most abundant pyruvate derivative fragment traces for each 
indicated form. Peaks indicated by an arrow correspond to the most abundant fragment integrated for 
quantification. 
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Figure 5.3. PEP and PPi GC-MS ion traces. (A) Total ion chromatogram. The total ion chromatogram 
for a typical endosperm sample evaluated for PEP and PPi content. (B) PEP and PPi derivative ion 
fragment chromatograms. Endosperm metabolite samples prepared for PEP and PPi quantification were 
evaluated in SIM mode for the indicated m/z fragments at the specified retention time. Chromatograms 
show the fragment trace for the monitored fragments. (C) Internal standard. Ribitol was used as an internal 
standard for normalization of metabolite abundance. Chromatogram shows the trace of the most abundant 
fragments associated with derivatized ribitol. Peaks indicated by an arrow correspond to the most 
abundant ion fragment integrated for quantification. 
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Following acquisition of the GC-MS data, analysis was performed using Agilent 
ChemStation software. Due to the low abundance of the M/Z fragments of interest 
compared to the total ion count (TIC), simply integrating TIC peaks at designated retention 
times was insufficient for quantification (Fig. 5.2B). Instead, the most abundant M/Z ion 
fragments for each compound were used to generate selected ion chromatograms 
associated with each compound to verify its identity and retention time (Fig. 5.2C, 5.3B). 
The most abundant selected ion specific to the compound of interest was then used for peak 
integration and relative quantification (Fig. 5.2C, 5.3B, C).  
The GC-MS based method of quantification showed absence of PPDK in 
endosperm conditioned a statistically significant 2-fold elevation of PEP and no 
statistically significant change in pyruvate. While PPi was able to be detected and 
quantified, it was more variable precluding it from statistical significance. Sibling 
endosperm tissues were provided to an independent research group for quantification of 
central metabolites by anion exchange liquid chromatography MS/MS (AELC-MS/MS) 
(Chapter 2). This independent method yielded similar results for relative alterations to the 
targeted steady state metabolites as the GC-MS methods (Fig. 5.4), corroborating the 
efficiency of extraction and quantification relative to protocols and equipment utilized by 
other laboratories. 
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Discussion 
While non-targeted metabolomics are effective in identifying and quantifying 
numerous compounds in a single sample, compounds of interest may be absent, requiring 
targeted methods. Enzymatic methods are often a simple and effective way to quantify 
compounds of interest as the equipment is widely available, but may lack the sensitivity 
required for low abundance compounds. Chromatographic separation coupled to MS/MS 
greatly improves the detection, identification, and quantification of metabolites, but this 
equipment is less accessible. The methods developed here were designed to facilitate 
successful detection and quantification of targeted glycolytic metabolites PEP, pyruvate, 
and PPi by GC-MS, due to the improved sensitivity over enzymatic methods, and general 
availability of the instrumentation.  
The results obtained by GC-MS were compared to results from an independent 
quantification of steady-state central metabolites of sibling endosperm tissue by AELC-
MS/MS (Chapter 2). Data sets for both methods were similar in regard to metabolite fold-
 
 
Figure 5.4. Comparative analysis of targeted metabolites. Endosperm containing (Tx) or lacking (WT) 
the 27PDKRi transgene were analyzed for alterations in the specified metabolites by AELC-MS/MS or 
GC-MS. All values are relative to the WT abundance set to a value of 1. Error bars represent standard 
deviation. Metabolite changes determined to be statistically significant are marked with an asterisk. 
Numbers in parentheses represent the number of samples evaluated for the indicated compound and 
method. 
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changes detected and identification of the same statistically significant alteration in PEP 
abundance. The notable difference is that endosperm evaluated by AELC-MS/MS 
displayed less variation in compound abundance between samples compared to the GC-MS 
data. This may be due to differences in the extraction processes used, or the improved 
sensitivity of the MS/MS platform. Nevertheless, the methods developed proved capable 
for reproducible extraction and quantification of these low abundance metabolites. 
Mentioned previously was the increased variability in quantification of PPi 
precluding it from statistical significance, a phenomenon observed in samples evaluated by 
AELC-MS/MS as well. There is a dearth of reports of PPi content in metabolomic 
investigations, likely due to similar issues as encountered in this investigation. Additional 
testing may improve PPi reproducibility making this method more effective for its 
quantification as well.  
In addition to the targeted compounds, AMDIS using the GMD library identified a 
number of potential glycolytic compounds within samples prepared by both extraction 
methods that were not verified by standard compounds in this study (Table 5.3). This 
indicates the extraction and quantification methods used here may be applied to both 
targeted and non-targeted approaches to quantify central metabolites. 
Materials and Methods 
ATP extraction and quantification 
Maize kernels at 20 DAP were collected and frozen at -80°C until use. Individual 
kernels were dissected to separate the embryo from the endosperm while frozen, and 
endosperm was lyophilized. Embryos were used for DNA extraction and PCR genotyping 
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(Chapter 2). Genotyped lyophilized single endosperms were weighed, powdered by 
shaking with glass beads in a Mini Beadbeater, then extracted with phenol and chloroform 
(Chida, et al., 2012). Tissue was homogenized in 1.0 mL Tris buffer-saturated phenol 
(Fisher, no. BP1750I-400), then 0.5 mL H2O was added and the mixture was shaken further 
and centrifuged for 10 min at 10,000 rpm. The aqueous phase was extracted in an equal 
volume of CHCl3. The supernatant was diluted 20-fold in H2O and 10 µL samples were 
assayed in triplicate for ATP content using bioluminescence detection (Molecular Probes 
no. A22066). Photon emissions were recorded at 1 s intervals, reading each plate four 
times, using a Synergy 2 Multi-Mode Microplate Reader. Replicates were averaged and 
ATP concentration was determined from a standard curve and normalized to endosperm 
dry weight. 
Pyruvate extraction and derivatization (method #1) 
Pyruvate extraction followed the same protocol as ATP extraction from lyophilized 
endosperms with the exception that samples were only diluted 1:1, with 200 µL transferred 
to GC vials and dried by rotary speed vacuum. Dried samples were derivatized with 100 
µL of 20 mg/mL methoxyamine in pyridine (Horning, et al., 1968) and incubated at 30°C 
for 90 min, followed by addition of 100 µL of BSTFA (N,O-bis(trimethylsilyl) 
trifluoroacetamide) and TMCS (trimethylchlorosilane) (99:1) (Sigma no. 33155-U) and 
incubated at 80°C for 60 min. 
PEP and PPi extraction and derivatization (method #2) 
Individual genotyped lyophilized endosperms were weighed and homogenized in 
microcentrifuge tubes with glass beads in a Mini-Beadbeater. The homogenized tissue and 
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glass beads were quantitatively transferred to screw top glass tubes by two 800 µL 
additions of cold 16% trichloroacetic acid (TCA) in ether (w/v) and incubated on ice for 
30 min, followed by addition of 1.6 mL of 5 mM NaF in 16% TCA (w/v) (Weiner, et al., 
1987), vortexed and incubated on ice for an additional 90 min. Sample incubation was 
followed by addition of 1.6 mL of H2O saturated ether, vortexed, and incubated for 10 
minutes to facilitate phase separation. Approximately three-quarters of the top ether layer 
was removed and previous steps repeated totaling four ether washes. Following ether 
washes 500 µL of bottom aqueous phase was transferred to GC vials and dried by rotary 
speed vacuum. Dried samples were derivatized by addition of 100 µL BSTFA/TMCS 
(99:1) (Karlsson, 1970) and incubated at 80°C for 60 min for identification and 
quantification by GC/MS. 
Identification and quantification of endosperm metabolites 
Endosperm PEP, PPi, and pyruvate retention times were evaluated in full scan 
mode by addition of pure compounds to endosperm metabolite extraction and 
derivatization procedures. The extracted mass spectrum of each compound was compared 
to the Golm Metabolome Database (GMD) (Kopka, et al., 2005, Schauer, et al., 2005) mass 
spectra reference library to verify compound identity by M/Z fragmentation patterns using 
the National Institute of Standards and Technology (NIST) Automated Mass spectral 
Deconvolution and Identification System (AMDIS) program (Herron, et al., 1996, Stein, 
et al., 1994). The GMD data was also compared to the Human Metabolome Database 
(HMDB) (Wishart, et al., 2007) to verify compound m/z fragmentation patterns. The 
retention times of PEP, PPi, and ribitol were determined to be approximately 12.2, 12.7 
and 13.1 min respectively. Samples evaluated for PEP and PPi content were run in selected-
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ion monitoring (SIM) mode identifying m/z fragments 369 and 384 for PEP, and 451, 452, 
and 466 for PPi. Samples used to evaluate pyruvate content were evaluated in full scan 
mode for all m/z fragments associated with the compound. Pyruvate was identified at two 
retention times, approximately 7.2 and 12.2 min, determined by the addition of one or two 
TMS groups by derivatization respectively. 
Agilent ChemStation software was used to generate selected ion chromatograms 
associated with the most abundant ion for each compound at the determined specific 
retention times and integrate the associated peak. Integrations of the two pyruvate peaks 
were added, all other integrations were treated individually. Individual endosperm 
metabolite responses were normalized to the ribitol internal standard response and 
lyophilized endosperm weight. Normalized response ratios were calculated by dividing the 
average normalized metabolite response of transgene containing (Tx) endosperms by the 
corresponding transgene lacking (WT) sibling endosperms. 
GC/MS instrumentation 
Single endosperm targeted metabolite samples were analyzed by electrical 
ionization GC/MS using an Agilent gas chromatograph (model 7890) coupled to a mass 
spectrometer (model 5975C) at the W.M. Keck Metabolomics Facility at Iowa State 
University. Chromatographic separation was performed using an Agilent 19091J-433 HP-
5 3-mx 250 µm x 0.25 µm column with a helium flow rate of 1 mL min-1. Initial oven 
temperature was 50°C and increased 15°C min-1 to 225°C, followed by an increase of 25°C 
min-1 to 320°C and maintained. The MS source was 230°C, MS quad was 150°C, with an 
EM voltage of 1200 V. Injection volumes were 1 or 2 µL for pyruvate or PEP/PPi samples 
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respectively. Data acquisition for pyruvate samples was performed in scan mode, whereas 
PEP and PPi samples in SIM mode. 
Enzymatic quantification of pyruvate and PEP 
 Individual genotyped endosperms were used for metabolite extractions as 
previously described. Metabolite extracts for pyruvate quantification were applied to 
enzyme assays containing 25 mM HEPES pH 7, 6 mM MgSO4, 25 mM NH4Cl, 5 mM 
DTT, 0.25 mM NADH, and 2 U/mL lactic acid dehydrogenase (LDH). Metabolite extracts 
for PEP were applied to the same assay containing the additional components, 1 mM PEP, 
1 mM PPi, 0.5 mM AMP, and 2 µg pyruvate phosphate dikinase (PPDK). Assays were 
performed in duplicate for each dilution, spectrophotometrically monitoring oxidation of 
NADH at 340 nm linked to reduction of pyruvate by LDH. Absorbance of reactions 
containing 900 µL of assay buffer were obtained prior to the initiation of the reaction and 
immediately following addition of 100 µL of metabolite extract. Reactions were monitored 
continuously for 5 min to obtain the final absorbance. The final absorbance was subtracted 
from the initial to determine the difference in absorbance (∆ abs) associated with the 
metabolite of interest for comparison to a standard curve. 
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Supplemental Figures 
 
 
Figure S5.1. Mass spectra of pyruvate peaks. Typical mass spectra for single endosperms extracted for 
pyruvate quantification. Relative abundance is based on the most abundant ion detected for a metabolite peak. 
Solid red lines represent the extracted sample spectra. Black lines represent the expected ion fragments of 
the GMD. Dashed red lines represent ion fragments not associated with the GMD. 
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Figure S5.2. Mass spectra of PEP and PPi peaks. Typical mass spectra for single endosperms extracted for 
PEP and PPi quantification are shown above. Relative abundance is based on the most abundant ion detected 
for a metabolite peak. Data acquisition for these samples was performed in SIM mode, only detecting the ion 
fragments shown. Solid red lines represent the extracted sample spectra. Black lines represent the expected 
ion fragments of the GMD. Breaks in the X-axis represent different compound peaks associated with the 
indicated compound and its retention time (RT).  
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Tables 
Table	5.1.	Pyruvate	quantification	by	enzymatic	method		
Average	changes	in	absorbance	observed	for	the	standard	curve	and	endosperm	samples	detailed	in	
Materials	and	Methods.	
	
Standard	curve	 	 	 27PDKRi	#1	endosperm	
Pyruvate	(µM)	 	 Av	△	Abs	 	 	 	 	 		 		 Av	△	Abs	 		 		
0	 	 0.000	 	 	 Concentration	 	 WT	 	 Tx	 	 (WT	-	Tx)	
0.1	 	 0.007	 	 	 Undiluted	 	 -0.011	 	 -0.012	 	 0.001	
1	 	 0.081	 	 	 Diluted	1:1	 	 -0.010	 	 -0.008	 	 -0.002	
2.5	 	 0.170	 	 	 Diluted	1:4	 	 -0.010	 	 -0.009	 	 0.000	
5	 	 0.364	 	 	 	 	 	 	 	 	 	
10	 	 0.737	 	 	 	 	 	 	 	 	 	
 
 
Table	5.2.	PEP	quantification	by	enzymatic	method	
Average	changes	in	absorbance	observed	for	the	standard	curve	and	endosperm	samples	detailed	in	
Materials	and	Methods.	
	
Standard	curve	 	 	 27PDKRi	#33	endosperm	
PEP	(µM)	 	 Av.	△	Abs	 	 	 	 	 Av.	△	Abs	
0	 	 0.000	 	 	 Concentration	 	 WT	 	 Tx	 	 (WT	-	Tx)	
0.1	 	 0.003	 	 	 Undiluted	 	 -0.005	 	 -0.004	 	 -0.001	
1	 	 0.033	 	 	 Diluted	1:1	 	 0.006	 	 0.008	 	 -0.002	
2.5	 	 0.090	 	 	 Diluted	1:4	 	 -0.005	 	 0.003	 	 -0.008	
5	 	 0.163	 	 	 	 	 	 	 	 	 	
10	 	 0.322	 	 	 	 	 	 	 	 	 	
25	 	 0.755	 	 	 	 	 	 	 	 	 	
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Table	5.3.	Non-targeted	compounds	identified	by	GC-MS		
Single	Kernel	metabolite	extracts	prepared	by	the	indicated	method	contained	additional	non-targeted	
compounds	listed.	
AMDIS	using	the	GMD	library	identified	the	listed	compounds	with	a	net	rating	of	70	or	greater.	
Many	additional	compounds	were	identified	as	well	but	with	less	confidence	than	those	listed.	
	 	 	 	 	
Pyruvate	Extraction	 	 PEP/PPi	Extraction	
Similar	
Serine	 	 Serine	
Glutamate	 	 Glutamate	
Fumarate	 	 Fumarate	
Glycerate	 	 Glycerate	
Citrate	 	 Citrate	
Glycerol-3-P	 	 Glycerol-3-P	
Unique	
Shikimic	acid	 	 Succinate	
Asparagine	 	 Leucine	
Glycerol-2-P	 	 isoleucine	
3-Phosphoglycerate	 	 Phenylalanine	
	 	 Aspartate	
	 	 	 Malic	acid	
	 	 	 2-Phosphoglycerate	
	 	 	 Quinic	acid	
	 	 	 Tyrosine	
	 	 	 Threonine	
	 	 	 Alanine	
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CHAPTER 6. SUMMARY AND POTENTIAL FUTURE DIRECTIONS 
 
Summary 
The overall objectives of the aforementioned studies were to determine the function 
and potential regulating factors of PPDK1 and PPDK2 in maize SE. These highly abundant 
enzymes have been proposed to function in a number of roles in SE including 1) adenylate 
energy production in hypoxic conditions, 2) gluconeogenic production of hexose for starch, 
3) pyruvate production for lipid biosynthesis, and 4) regulation of PPi homeostasis 
controlling metabolic fluxes. These proposed functions in maize SE remained unexamined 
however, until now. To provide direct evidence for the function of PPDK in SE, genetic 
and biochemical techniques were used to individually inactivate or simultaneously 
eliminate both forms in SE and characterize the resulting physical and metabolic 
alterations. 
Characterization of the physical and metabolic changes associated with 
individually inactivated pdk1 or pdk2, or their simultaneous elimination in SE was detailed 
in Chapter 2. This chapter demonstrates that PPDK1 and PPDK2 are able to compensate 
for the loss of one another in maize endosperm, at a gross level of interrogation. 
Individually inactivated pdk1- or pdk2- homozygous endosperms displayed no significant 
alteration in total storage compound accumulation measured or predicted by NIR 
spectroscopy by comparison to corresponding wild type siblings. 
The observed compensatory ability of the two PPDK forms in SE was contrary to 
that of C4 photosynthetic tissue. The necessity of PPDK1 in C4 photosynthesis was 
demonstrated as homozygous pdk1- plants displayed a seedling lethal phenotype at the 
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apparent onset of photosynthesis. This phenotype was not observed in the pdk2- plants, 
demonstrating the inability of PPDK2 to compensate for PPDK1 in photosynthesis. This 
confirms the enzymes are not co-localized in mesophyll chloroplasts of maize leaf. While 
this is not a surprising outcome given its role in regenerating the primary carboxylate 
acceptor PEP, this may be the first genetic demonstration of the necessity of PPDK in C4 
photosynthesis. 
Simultaneous elimination of both forms of PPDK in SE resulted in no significant 
alteration to total storage compound accumulation measured or predicted by NIR 
spectroscopy compared to sibling wild type (WT) kernels. While total storage compound 
abundance was unchanged, alterations to their organization at maturity was obvious in 
PDKRNAi transgenic (Tx) kernels. Mature Tx kernels were predicted by NIR to have 
reduced density, a prediction that co-segregated with an opaque kernel phenotype. This 
reduced density was confirmed by whole single kernel MRI as well, showing changes in 
storage compound organization. Maize kernel opacity is generally attributed to changes in 
zein storage protein accumulation or organization in o2-, a mutant of the transcription 
factor controlling expression of PPDK. These mutants have rebalanced proteomes 
consisting of decreased zein content with concurrent increase in non-zein proteins, an effect 
not observed in absence of PPDK. 
Evaluation of SE organization by LM showed obvious differences in organization, 
with less tightly packed starch granules in the Tx SE compared to the sibling WT. Storage 
compound structure investigated by TEM showed no appreciable difference in Tx SE, as 
protein body appearance and abundance were similar to WT siblings at the level of detail 
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obtained. The opaque character, reduced density, and less tightly packed organization of 
Tx SE was accompanied by reduced starch granule sizes at maturity. 
In absence of PPDK, Tx SE at 20 DAP displayed altered steady state levels of 
glycolytic and cellular energy compounds. Most notably Glc-1-P, AMP, DHAP, Frc-1,6-
BP, ribulose-5-P, 2-oxoglutarate, and PEP were elevated, with concurrent decreases in 
ATP, and aspartate. This is the peak period of PPDK expression and grain fill, thus the 
elevation of steady state glycolytic intermediates indicates the primary direction of PPDK 
activity in maize endosperm is in the pyruvate forming direction.  
This chapter disproves a number of proposed hypotheses regarding the role of 
PPDK in SE. PPDK does not appear to facilitate PPi homeostasis effecting metabolic 
fluxes, as absence of PPDK had little to no effect on storage compound ratios. The 
hypothesis that PPDK functions in gluconeogenesis to generate hexose for starch 
production also appears incorrect, as glycolytic intermediates were elevated with no change 
in starch content in Tx SE. The proposal that PPDK functions to produce pyruvate for lipid 
synthesis also appears incorrect, as Tx SE displayed no change in pyruvate steady state 
level or predicted decrease in lipid content. The hypothesis that PPDK functions to produce 
ATP in a hypoxic environment is consistent with the metabolomics data in this study, 
however the reduced ATP in Tx SE was not a limiting factor as there was no perturbation 
of normal storage compound accumulation.  
While PPDK is not required for normal storage compound accumulation, it appears 
to modulate glycolytic flux and adenylate energy pools. The approximate 20% reduction 
of ATP with equivalent concurrent increase of AMP reduces the adenylate energy ratio 
significantly. While this alteration in energy status does not impact total storage compound 
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accumulation, it may be causative to the altered organization and opaque kernel phenotype. 
The reduction in starch granule size with no change in total starch indicates the 
accumulation of more numerous small granules in Tx SE. This implicates PPDK may have 
a function in granule initiation or growth as well. 
The opacity observed in absence of PPDK may be causative to the deleterious 
opaque kernel phenotype observed in o2-. This suggests that improving the agronomic 
traits of the higher nutritive value o2- mutants may be better accomplished through single 
genes conditioning opacity rather than o2- modifiers.  
A controlled environment growth study by a collaborating research group revealed 
significantly reduced PPDK activity in total endosperm extracts following growth in high 
temperature conditions. This implicated PPDK as a potential candidate for temperature 
induced yield reduction and was the subject examined in Chapter 3. To investigate this 
possibility in vitro, purified recombinant His-tag PPDK1 (PPDK1-CH) and PPDK2 
(PPDK2-CH) were individually examined for enzyme activity following pre-incubation in 
varied conditions. Enzyme pre-incubations were performed for 5-30 min from 30-45°C in 
the absence or presence of substrates, and enzyme was assayed immediately for activity. 
Both enzymes displayed similar activities and trends for all conditions examined, a pH 
optimum of 6.5-7.0, AMP Km of 2.4 µM, and a specific activity of 3-4 µmols/min/mg. In 
absence of substrate PPDK1-CH and PPDK2-CH activities were unaffected by pre-
incubation up to 35°C, but were sensitive at higher temperatures. Both enzymes displayed 
a reduction in activity by approximately 25% following pre-incubations at 40°C, and 
irreversible inactivation with as little as 5 min exposure to 45°C.  
 195 
The reduced or ablated activity in response to temperature of both enzymes was 
subverted by addition of 9 mM AMP to the pre-incubations, an effect that was unique 
among the six substrates tested. This AMP induced temperature stability was investigated 
further by activity assays following enzyme pre-incubations at 45°C for 15 min containing 
varied concentrations of AMP from 45 - 9000 µM. Data from this was used to construct a 
double reciprocal plot to estimate an AMP concentration that confers 50% enzyme 
protection at 45°C to be approximately 140 µM AMP. This 50% protection range is 
approximately 70 •Km for AMP determined in this study.  
To corroborate the AMP induced temperature stability observed in pre-incubation 
assays, purified recombinant PPDK1-CH or PPDK2-CH were examined for temperature 
induced structural changes by DSC. Enzyme was evaluated from 20-80°C for structural 
changes associated with temperature in the absence or presence of 9 mM AMP. In absence 
of AMP both enzymes displayed two distinct unfolding events occurring at approximately 
48°C and 56°C, whereas in the presence of AMP there was a single unfolding event at 
56°C, stabilizing the primary unfolding event by 8°C. This indicates the AMP induced 
retention of PPDK activity observed in pre-incubations at 45°C is due to a structural change 
providing improved stability. 
The details of how AMP interacts with PPDK to provide this stability is unknown 
at this time, but could be conferred by AMP binding at the known nucleotide binding 
domain, causing a unique allosteric change that provides stability. However, ATP binds to 
the same domain but had no effect on stability. Additionally, the observed stability in the 
presence of AMP would be expected to occur at concentrations closer to Km (~1-4 µM), 
but the 50% protection from inactivation was calculated to be 140 µM. This indicates the 
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possibility of an additional AMP binding site that improves stability. Similarly, it is 
possible that AMP is providing intersubunit stability of the multimer that provides stability 
and preserves activity.  
This observed AMP induced stability may be physiologically relevant as AMP 
concentrations in mesophyll cell chloroplasts and barley endosperm are estimated to be 40 
- 260 µM and 100 µM respectively. These concentrations may be sufficient to stabilize 
PPDK in vivo, and may explain conflicting reports of PPDK activity in elevated 
temperatures. As it relates to maize endosperm, PPDK has been shown to function 
primarily in the glycolytic direction influencing glycolytic flux and the ATP/AMP ratio 
(Chapter 2). Cellular conditions resulting in reduced adenylate energy ratios would elevate 
AMP, potentially providing substrate and stability to PPDK for generation of ATP, thus, 
increasing the adenylate energy ratio. In this respect AMP may not only be a substrate, but 
may serve as an indicator of cellular energy status and regulate PPDK stability and activity. 
Recombinant PPDK enzymes were also used to examine the possibility of 
heteromultimer formation by protein-protein interaction experiments. PPDK1 and PPDK2 
were capable of interacting as homomultimers, as well as heteromultimers. This finding 
indicates the potential for interaction between the two forms in tissues where both are 
expressed and co-localized.  
To achieve the results detailed in Chapter 2, new materials and methods were 
generated for distribution to the research community. This includes a highly effective series 
of endosperm specific binary vectors for Agrobacterium-mediated transformation of maize 
for gene expression or RNAi knockout. These vectors are designed to be easily modified 
to expedite the creation of transformation ready vectors for numerous investigations. In 
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addition to efficient gene modification, transformations utilizing these vectors display 
higher than average transformation efficiency.  
Acquisition of metabolomics data required the creation of targeted methods for 
extraction, identification, and quantification of ATP, PEP, pyruvate, and PPi of single 
endosperms by GC-MS. The methods devised proved capable by comparison to an 
independent evaluation of sibling endosperm central metabolites by AELC-MS/MS. The 
extraction and quantification method utilized identified additional glycolytic compounds 
as well, indicating these methods may be of use in both targeted and non-targeted 
metabolomics investigations. 
Potential Future Directions 
 The hypotheses investigated regarding the function and regulation of PPDK in SE 
in this dissertation adds to the current body of work performed to investigate and 
understand maize endosperm metabolism. Hopefully improving our understanding and 
providing new hypotheses to improve nutrition, yield, and reduce temperature related yield 
loss in suboptimal environments. Achieving these improvements will require additional 
studies to elaborate on this research, as well as investigations on additional enzymes, 
pathways, and regulatory factors impacting maize endosperm metabolism. The 
investigations in this dissertation have raised additional questions and hypotheses, some of 
which may be worthy of future studies to elaborate on the reported findings. 
Subcellular localization of PPDK1 and PPDK2 
Experiments were initiated to determine the subcellular localization of PPDK1 and 
PPDK2 in SE using transgenic maize expressing translational GFP fusion proteins. Seed 
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containing a transgene expressing fl2-RFP translational fusion protein were obtained 
(Becraft) for use as a co-localization partner, however, not all the required crosses were 
completed and the images obtained are insufficient to form conclusions. This project that 
has not been completed, but the continuation of this project would require little effort to 
obtain the appropriate crosses and improvements on LSCM imaging. Upon completion of 
this project, definitive localization of each form of PPDK would be established, providing 
more information toward understanding the potential role of each form of PPDK. 
Structural study of PPDK in the presence of AMP 
Additional experiments are required to understand the AMP induced temperature 
stability of PPDK demonstrated. A structural study of PPDK in the presence of AMP has 
the potential to determine the specific interactions that participate in enzyme stability in 
elevated temperature conditions. This could also determine if the stability is conferred by 
allosteric change associated with binding at the nucleotide binding domain or an alternative 
regulatory site. Crystallography is likely the best approach for this study, as NMR would 
be difficult due to the mass of PPDK. Determining the specific interactions may provide 
targets for enzyme engineering to generate PPDK with improved temperature stability in 
an effort to reduce temperature related yield loss or improve C4 photosynthetic plant 
growth in lower temperature environments.  
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Pyruvate synthesis in absence of PPDK 
As previously discussed, endosperm lacking PPDK displayed increased steady state 
levels of glycolytic intermediates with concomitant decreases in ATP and aspartate, but no 
alteration in pyruvate level. This observation has led to the hypothesis that pyruvate may 
be synthesized by an alternative route involving PEPC or PEPCK (Fig. 6.1). This 
hypothesized route could be examined in a similar manner as the function of PPDK was 
investigated in Chapter 2.  
Endosperm specific RNAi transgenic 
lines targeting PEPC (PEPCRi) and PEPCK 
(PEPCKRi) can be generated. Eliminating 
endosperm PEPC or PEPCK alone is likely 
insufficient to evaluate this hypothesized 
route of pyruvate synthesis though. Pyruvate 
synthesis through these enzymes may only 
occur in conditions where pyruvate 
formation is rate limiting with concurrent 
elevation of Gluc-1-P and DHAP steady 
state levels, as there are reports of both being 
PEPC activators (Blonde, et al., 2003, 
Rivoal, et al., 1998, Schuller, et al., 1990). 
All of these conditions are met with no 
altered abundance of pyruvate in the 
transgenic PDKRi endosperm. The potential 
 
 
Figure 6.1. Hypothesized routes of pyruvate 
synthesis. PPDK knockout endosperm (detail in 
chapter 2) show elevated steady state glycolytic 
intermediates, but no alteration in abundance of 
pyruvate. This figure depicts potential routes of 
pyruvate synthesis in endosperm in absence of 
PPDK. Green or red text indicates metabolites 
determined to be elevated or reduced in PPDK 
knockout endosperm respectively. Gray dashed 
lines represent potential routes of pyruvate 
synthesis from PEP. Green dashed arrow 
represents a general increase in glycolytic 
intermediates prior to the reactions depicted. A 
red dashed line represents the potential negative 
inhibition of an enzyme by an effector 
compound. 
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role of PEPC or PEPCK in this alternative route can be evaluated by crossing the PDKRi 
to PEPCRi or PEPCKRi plants, generating double hemizygous endosperm. Additionally, 
crossing the PEPCRi and PEPCKRi to generate a double hemizygote prior to crosses with 
PDKRi. Endosperm resulting from these crosses can be used toward metabolic analyses to 
assess alterations in steady state metabolites relative to the PDKRi containing SE, focused 
largely on evaluating pyruvate steady state levels.  
The elimination of PEPC and PEPCK alone or in combination may prove 
interesting as well. In microorganisms, PEPC has been a target of metabolic engineering 
toward improved production of lysine. Thus, elimination may provide clues on its role and 
effect on lysine content in maize endosperm. Findings from this may provide information 
on the role of PEPC or PEPCK in endosperm that could be used to improve nutritive 
properties without a loss of desirable agronomic traits. 
Remediation of opacity in o2- by PPDK  
 The loss of vitreous character observed in the PDKRi transgenic kernels is 
intriguing as this phenotype is observed in o2-, a mutant for the transcription factor 
controlling PPDK expression. In addition, o2 influences expression of zein storage 
proteins, SSIII, and numerous other genes. Thus, many o2- kernel characteristics such as 
improved nutritive value and deleterious opacity are due to pleiotropic effects. The fact 
that o2 regulates PPDK and absence of either is associated with the opaque kernel 
phenotype, suggests the possibility that the opacity observed in o2- may be attributed to 
the downstream effect it has on PPDK expression. To investigate this hypothesis, 
endosperm specific transgenic plants expressing PPDK using a promoter not under the 
influence of o2, can be crossed to o2- plants. The requisite crosses can be performed to 
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generate homozygous o2- kernels containing the PPDK expression transgene. The 
resulting kernels can be scored for alterations in opacity compared to o2-, and investigated 
for metabolic changes attributed to the introduction of PPDK to explain any observed 
phenotypic changes. This may result in SE with the improved nutritive value of o2-, but 
improved kernel traits, similar to QPM without the use of mo2 modifiers that are 
unpredictable and difficult to incorporate into production lines. 
 In conclusion, the body of work described here demonstrates that PPDK functions 
primarily in the glycolytic direction, modulating glycolysis and influencing adenylate 
energy compounds, as well as storage compound organization demonstrated by the loss 
of vitreous endosperm character. Exactly how PPDK influences storage compound 
organization is still unknown and will require additional investigation. These findings 
dispel many hypotheses and provide direct evidence of function, as well as potential ways 
to improve o2- agronomic qualities to improve maize nutritional quality.  
Demonstration of temperature effects on PPDK activity and the influence of AMP 
on enzyme stability provides potential explanation for conflicting reports, as well as new 
hypotheses. Additional studies based on these findings may provide ways to improve 
PPDK stability, possibly aiding in temperature related yield loss and generating C4 plants 
that are more tolerant of cold temperature growth. 
Finally, the endosperm specific binary vectors created and metabolite extraction 
and quantification methods described here, may provide additional tools for researchers 
investigating various aspects of maize endosperm. Hopefully the investigations detailed 
here provides knowledge and tools that help further scientific understanding and 
improvements of maize that can be utilized to benefit humans. 
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